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CORRECTIONS 


Volume 37, 1959 


Page 1318. In the headnote of Table II, (P) after ‘‘hypophysectomized”’ should read (H). 


Volume 38, 1960 


Page 505. In the paragraph beginning ‘‘As soon as they were dry, . . .’’", the second sentence 
should read: “They were then sprayed on the other side with diazotized sulphanilic acid (DSA) 
prepared, at 0° C, by mixing one volume of a solution of sulphanilic acid (0.9 g) in water (il) 
containing concentrated hydrochloric acid (9 ml) with one volume of aqueous sodium nitrite 
(0.05%), and 15 minutes later, three volumes of aqueous potassium carbonate (4.0%)” 


Page 652. In the last two footnotes to Table I the symbols § and || should be reversed. 
The footnote designated by § applies only to experiment 4; the one designated by || applies to 


the 15% oleic acid in experiments 4, 5, and 6 
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THE INFLUENCE OF ADRENALECTOMY AND INDIVIDUAL 
STEROID HORMONES UPON THE METABOLISM OF 
ACETATE-1-C'* BY RAT LIVER SLICES 
I. INCORPORATION INTO PROTEINS! 


J. S. WILLMER AND T. S. Foster 


Abstract 


The influence of the adrenal gland on incorporation of acetate-1-C' into rat 
liver protein was studied. Cortisone, corticosterone, and deoxycorticosterone were 
found to increase isotope incorporation in both sham-operated and adrenalecto- 
mized groups, while Reichstein’s substance S increased radioactivity in the 
protein only from sham-operated animals. The effects of the alcohol and acetate 
forms of cortisone, hydrocortisone, deoxycorticosterone, and Reichstein’s sub- 
stance S were compared. 


Introduction 


Despite the fact that knowledge and understanding of the influence of 
adrenocortical hormones on intermediary metabolism has been greatly enlarged 
by the continuing research in this field, it has not yet been possible to designate 
with certainty more than a few reactions which are mediated through the 
cortical hormones. 

The effects of the adrenocorticoids upon various metabolic pathways have 
been studied in a variety of isolated tissues, in intact experimental animals, and 
in man. It has been established that the cortical secretion influences to a major 
degree the metabolism of carbohydrate, protein, and fat by the mammalian 
organism, though the assessment of valid physiological functions is complicated 
by the many contradictory results obtained. 

The present investigations were undertaken to determine the effects of in 
vivo administration of adrenal steroids upon the metabolism of C'*-labelled 
substrates by rat liver slices. The influence of individual corticoids was mea- 
sured by utilizing adrenalectomized rats in which replacement therapy with 
one steroid was maintained during the postoperative period: a comparison was 
made with the effect of the same steroid upon sham-operated animals. The 
adrenal steroids investigated were cortisone, hydrocortisone, deoxycortico- 
sterone, Reichstein’s substance S, and corticosterone together with their 
precursor progesterone. In view of the role of the glucocorticoids in gluconeo- 
genesis a study was initially made of the incorporation of isotope from acetate- 
1-C into liver protein. 

‘Manuscript received April 1, 1960. 


Contribution No. 27, from the Animal Research Institute, Research Branch, Canada 
Department of Agriculture, Ottawa, Ontario. 
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Methods 

Corticosterone, cortisone, deoxycorticosterone, hydrocortisone, Reichstein’s 
substance S (all in the alcohol form), and progesterone, together with the 
acetates of cortisone, deoxycorticosterone, hydrocortisone, and Reichstein’s 
substance S, were purchased from Mann Research Laboratories Inc., New 
York 6, New York. In the present investigation a daily hormone dose of 2 mg 
was used, and it was anticipated that by using a sesame oil/propylene glycol 
vehicle, release of the steroid would be prolonged, and would approximate 
physiological levels more closely. However, this does not appear to be true for 
progesterone as Forbes (1) and Cohen (2) have shown since these experiments 
were initiated. 

Sodium acetate-1-C'4 was made up to 0.01 M with inactive carrier acetate 
and stored in the deep freeze. The activity of this solution was approximately 
450,000 c.p.m./umole. 

Male albino rats of the Wistar strain weighing 70—90 g were used throughout 
these investigations. Bilateral adrenalectomies or sham operations were per- 
formed on the animals under Nembutal anaesthesia by the dorsal approach 
technique. The rats were maintained in individual cages on fox cubes and 
drinking water containing 1% sodium chloride. Groups of adrenalectomized 
or sham-operated animals received one daily intraperitoneal injection of either 
the vehicle or one of the steroids. This treatment was continued for 7 days 
postoperatively. Finally, as further controls, two groups of intact rats were 
used, one of which received no dose, while the other received a daily dose of 
the vehicle. 

On the eighth postoperative day the animals were killed by decapitation, and 
the completeness of adrenalectomy ensured by gross examination. The liver 
was quickly removed, placed in ice-cold Krebs-Ringer phosphate buffer solu- 
tion, and slices prepared using a Stadie-Riggs microtome. 

Incorporation of the labelled substrate into protein was studied by incubation 
of 150 to 200 mg liver slices in 5.0 ml Krebs—Ringer—glucose—phosphate solution 
with 0.5 ml 0.01 M sodium acetate-1-C'. In a comparative study, no differ- 
ences in incorporation of isotope were observed when either Krebs—Ringer 
phosphate or bicarbonate media was used. All incubations were carried out at 
37.5° C in a Dubnoff bath, in an atmosphere of oxygen. 

The protein was isolated by a modification of the method of Kay and 
Entenman (3) after the incubations had been arrested by the addition of 1.0 ml 
10% trichloroacetic acid and 0.5 ml 5 N sulphuric acid. The precipitate was 
washed three times with distilled water by homogenization in an all-glass 
apparatus. Lipids were removed by two 30-minute extractions at 50° C with 
10 ml portions of a 3:1 mixture of ethanol and ether. The residue was washed 
three times with redistilled acetone and made up to 10.0 ml volume. Aliquots 
of 2.0 ml were padded and weighed on No. 50 filter paper (4), and 1.0 ml aliquots 
were similarly padded and counted in an end-window gas-flow counter. After 
correction for background and self-absorption the data were expressed as 
c.p.m./mg dry liver. 

The average weight changes for all experimental groups of rats are presented 
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in Table I. The means of duplicate analyses, indicating the degree of sub- 
strate incorporation into liver protein obtained from the same animals, are 
shown in Tables II and III. 


Results 


It was felt advantageous in this investigation to relate the degree of incor- 
poration of labelled substrate into liver protein to the gain in weight of the 
experimental animals. The average weight changes for groups treated with 
the alcohol or acetate forms of the hormones are presented in Table I. No 


TABLE I 


Average weight changes (g) of experimental animals during an 8-day period 

















Treatment Unoperated Sham-operated Adrenalectomized 

No dose 26.9 (11) 

Solvent 23.3 (12) 25.6 (32) 9.4 (24) 
Corticosterone 19.4 (5) 11.5 (5) 
Cortisone 19.7 (7) 12.3 (7) 
Deoxycorticosterone 21.4 (7) 20.8 (15) 
Hydrocortisone 23.0 (7) 9.8 (7) 
Progesterone 20.2 (5) 6.8 (7) 
Reichstein’s substance S 17.3 (6) 13.0 (9) 
Cortisone acetate 12.1 (7) 8.7 (7) 
Deoxycorticosterone acetate 24.2 (8) 19.0 (6) 
Hydrocortisone acetate 3.1 (7) 2.7 (7) 
Reichstein’s substance S acetate 27.7 (7) 16.5 (6) 





Note: Values in parentheses are numbers of animals in each group. 


statistical evaluation of these data has been attempted, but the more pro- 
nounced effects observed are reflected in the degree of isotope incorporation into 
liver protein. Deoxycorticosterone, both in the alcohol and acetate form, is 
capable of restoring the growth rate of adrenalectomized rats to almost normal 
levels. The effects of the alcohol and acetate forms of cortisone and hydro- 
cortisone were observed to be very different, the acetates in each case consider- 
ably reducing the gain in weight. The growth rates of the groups receiving 
Reichstein’s substance S acetate were raised. 

The influence of the alcohol forms of the hormones on protein synthesis is 
shown in Table II. A significantly greater incorporation of isotope was observed 
in adrenalectomized animals than in sham-operated controls. All the hormones 
studied were capable of restoring protein synthesis in sham-operated animals 
to the level of the unoperated controls, and a significant increase above this 
level was observed in animals treated with corticosterone, cortisone, deoxy- 
corticosterone, or Reichstein’s substance S. Corticosterone, cortisone, and 
deoxycorticosterone also increased incorporation in adrenalectomized rats. 

As was the case for the growth data, esterification of the hormones (Table 
Ill) produces some significant changes. In the cases of cortisone acetate, 
deoxycorticosterone acetate, and hydrocortisone acetate there is a generally 
diminished incorporation of isotope into the tissue protein by comparison with 
the hormone alcohols. Incorporation of isotope by adrenalectomized animals 
treated with hydrocortisone acetate is significantly lower than in the adrenal- 
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TABLE II 
Effects of adrenal steroid alcohols upon the incorporation of 
acetate-1-C' into rat liver protein in vitro* 

















Treatment Unoperated Sham-operated Adrenalectomized 

No dose 273 +36 

Solvent 300 +41 218+16 291+16 
Corticosterone 609** + 62 506**> + 41 
Cortisone 363* + 26 494**) +27 
Deoxycorticosterone 412*>+43 431° +24 
Hydrocortisone 317°+20 337 +41 
Progesterone 357°+27 262 +21 
Reichstein’s substance S 516°* +69 312 +28 








«Protein activity expressed as c.p.m./mg dry liver + S.E.M. 

‘Significant at 1% level as compared with corresponding control group. 

*Significant at 5% level as compared with unoperated controls. 
**Significant at 1% level as compared with unoperated controls. 


TABLE III 


Effects of adrenal steroid acetates upon the incorporation of 
acetate-1-C' into rat liver protein in vitro* 














Treatment Unoperated Sham-operated Adrenalectomized 
No dose 273 +36 
Solvent 300 +41 218+16 291+16 
Cortisone acetate 358* + 32 404*°+ 44 
Deoxycorticosterone acetate 404*> + 43 405*°+41 
Hydrocortisone acetate 258 +26 221¢+31 
Reichstein’s substance S acetate 408**> + 30 $12°* +53 





*Protein activity expressed as c.p.m./mg dry liver + S.E.M. 
‘Significant at 1% level as compared with corresponding control group. 
¢Significant at 5% level as compared with corresponding control group. 
*Significant at 5% level as compared with unoperated controls. 
**Significant at 1% level as compared with unoperated controls. 


ectomized controls and in the adrenalectomized group treated with hydro- 
cortisone alcohol. Reichstein’s substance S acetate causes a pronounced 
increase in isotope incorporation over the control groups and, in the case of 
adrenalectomized animals, over the group treated with Reichstein’s substance 
S alcohol. 


Discussion 


In a comparison of the results obtained in this series of investigations with 
others of a similar nature, account must be taken of differences likely to govern 
changes of a physiological nature, by contrast with those that are frankly 
pharmacological. 

The interpretation of results obtained from sham-operated animals is com- 
plicated by the stress condition associated with the operation, which is, in 
itself, a stimulus for increased adrenal secretion. Administration of some 
corticoids has been shown to cause atrophy of the adrenal gland, with a con- 
comitant decrease in steroid secretion. These circumstances must be considered 
in conjunction with changes associated with metabolic relationships between 
the adrenal cortex and medulla. Only in the adrenalectomized animal can the 
effect of a single hormone be observed and this again does not take into account 
the possible interdependence of the medulla and cortex. 














WILLMER AND FOSTER: METABOLISM OF ACETATE-1-C™. I 1391 


Bearing these limitations in mind, we made an attempt to relate the above 
findings to those already published, and to integrate them into an area of 
research where considerable confusion exists. 

As was first demonstrated by Long et al. (5) the prime function of the C-11 
oxysteroids is probably connected with gluconeogenesis, under which circum- 
stances tissue protein may be catabolized to give rise to glucose. Although the 
data presented in Table I indicate weight increases in all groups except those 
treated with hydrocortisone acetate, it would not be possible to judge their 
nitrogen-balance status on this evidence alone. However, this information, 
together with the known pronounced effects of certain steroids upon liver 
transaminase levels (6-8) would indicate that it is possible that protein syn- 
thesis is also accelerated under certain conditions. 

The elevated incorporation of isotope into protein in adrenalectomized rats 
in comparison with sham-operated controls confirms the findings of Wool and 
Weinshelbaum (9), who used rat diaphragm muscle. These workers observed 
that administration of cortisone to adrenalectomized rats diminished the isotope 
level in the diaphragm protein. Confirmation of this is found in the observa- 
tions of Clark (10). In contrast to this, Clark (10) and Yudaev, Lebedeva, 
and Zavial’skaya (11) using isotopically labelled glycine noted that cortisone 
caused increased incorporation into liver protein. 

Among the glucocorticoids studied above, cortisone and corticosterone have 
been shown to cause increased hepatic incorporation of isotope in both sham- 
operated and adrenalectomized animals, whereas hydrocortisone did not show 
any pronounced effect. This was felt to be surprising in view of the profound 
influence of this hormone upon transaminase systems (6-8). It is emphasized 
that in interpreting data of this nature consideration must be given to the 
relative biological potency of the hormone, the hormonal concentration at the 
target tissue, and the sensitivity of the individual tissues to particular hor- 
mones. The varying potencies of the adrenal steroids in particular physiological 
functions are well known, hydrocortisone being accepted as the most potent 
naturally occurring glucocorticoid. While it has not been established, it is 
suggested that a possible increase in protein turnover in the presence of low 
glucocorticoid concentrations may be succeeded by an inhibition of protein 
synthesis as the dose level is increased. Due to their different biological po- 
tencies, the glucocorticoids might, under these circumstances, either increase 
protein synthesis as in the case of cortisone and corticosterone, allow protein 
synthesis at a normal rate as with hydrocortisone, or depress synthesis at 
higher dose levels. 

The influence of deoxycorticosterone upon incorporation of acetate into liver 
protein can not be explained by any of its known effects, though it has been 
found to behave similarly by Yudaev et al. (11) using glycine-1-C'™. It is 
possible that the influence of this steroid upon protein synthesis is a secondary 
manifestation of an altered salt balance, or of an effect upon another endocrine 
system. 

In general the influence of esterification has been to reduce the effect observed 
with the steroid alcohol, this being particularly noticeable in a study of the 
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influence of adrenalectomy upon cholesterol synthesis (12). The difference in 
therapeutic properties of acetate and alcohol forms of the adrenal steroids has 
been known for some time (13). Segaloff (14) has stated that hydrocortisone 
acetate may be regarded as a hormone with a prolonged effect, in contrast to 
the shorter period of activity exhibited by hydrocortisone alcohol. It is perhaps 
significant that in the groups of rats treated with hydrocortisone acetate, the 
incorporation of isotope into protein is lower than in the hydrocortisone alcohol- 
treated groups, possibly indicating a shift in the equilibrium towards protein 
catabolism. 

The difference in effects exerted by the alcohol or acetate forms of the steroids 
may be partially explained by one or both of two hypotheses. Considerable 
emphasis has been placed in recent years upon the transport of cortical steroids 
in the peripheral circulation and upon the nature of the complexes in which 
they are present (15). An explanation for the general effects of esterification as 
observed in the above results might possibly lie in a defect in conjugation and 
hence a reduced effect upon the target tissue or organ. It is also possible that an 
explanation may be found in the investigations of Wiesel (16), which indicate 
that the glucogenic corticosteroids, cortisone, and hydrocortisone may produce 
at least some of these effects by chelating the essential metal portion of intra- 
cellular enzyme systems. Wiesel has pointed out that esterification of these 
hormones with acetate at the C-17 position blocks the active site for metal 
chelation. 
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THE INFLUENCE OF ADRENALECTOMY AND INDIVIDUAL 
STEROID HORMONES UPON THE METABOLISM OF 
ACETATE-1-C' BY RAT LIVER SLICES 


II. INCORPORATION INTO CHOLESTEROL' 
J. S. WILLMER AND T. S. FosTER 


Abstract 


A study has been made of the effect of adrenalectomy upon cholesterol synthesis 
by rat liver slices. An increased incorporation of acetate-1-C'* was observed in 
adrenalectomized control animals, and in all groups of adrenalectomized rats 
treated with the steroid hormones under investigation. Deoxycorticosterone was 
the only hormone used which raised cholesterogenesis from acetate above the 
level of the adrenalectomized control group: this effect was not observed using 
mevalonate-2-C'4 as substrate. In groups of sham-operated animals, deoxycorti- 
costerone, progesterone, and Reichstein’s substance S increased acetate incorpora- 
tion above the level attained by the control group. In a comparison of the effects 
of certain steroid acetates, Reichstein’s substance S acetate and deoxycorti- 
costerone acetate stimulated cholesterogenesis above the levels of the corre- 
sponding controls in both sham-operated and adrenalectomized animals, though 
the effect of the latter hormone was not as pronounced as when the alcohol form 
was used. 


Introduction 


The mechanism of cholesterogenesis is of considerable interest and has been 
greatly clarified in recent years. The role of certain hormones in regulating this 
process has been widely investigated. Liver slices from diabetic animals (1) 
have a greater capacity for cholesterol synthesis from acetate than slices from 
normal animals. Thyroxine-treated rat livers have also been observed (2) to 
produce more cholesterol under similar in vitro conditions. The influence of 
adrenalectomy, as demonstrated by Perry and Bowen (3), was to depress the 
capacity of liver slices to incorporate radioactive acetate into cholesterol and 
fatty acids. In view of the considerable evidence indicating the participation 
of the adrenal cortex in carbohydrate, protein, and lipid metabolism, a further 
investigation into the influence of adrenalectomy and individual steroid hor- 
mones upon the system was initiated. A comparison was made between chol- 
esterogenesis in liver slices from adrenalectomized, sham-operated, and intact 
animals, and the effects of daily doses of cortisone, hydrocortisone, deoxy- 
corticosterone, corticosterone, Reichstein’s substance S, or progesterone upon 
these groups of animals were observed. 


Methods 


The treatment and maintenance of animals was as described previously (4), 
all hormones being administered intraperitoneally as daily doses of 2 mg for 
7 days. 

Tissue slices 0.5 mm in thickness and weighing 150-200 mg, were incubated 
in an atmosphere of 100% oxygen, with 5.0 ml Krebs—Ringer—glucose—phos- 


‘Manuscript received April 4, 1960. 
Contribution No. 28 from the Animal Research Institute, Research Branch, Canada Depart- 
ment of Agriculture, Ottawa, Ontario. 


Can. J. Biochem. Physiol. Vol. 38 (1960) 
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phate buffer solution and 0.5 ml 0.01 M sodium acetate-1-C' containing ap- 
proximately 2,250,000 c.p.m. Incubation was for 2 hours at 37.5° C. 
Cholesterol was isolated and purified after saponification of the tissue by the 
method of Migicovsky (5). The purified cholesterol was precipitated as the 
digitonide, padded according to the method of Migicovsky and Evans (6), and 
counted in an end-window gas-flow counter. After the cholesterol digitonide 
was weighed directly, activity was corrected for background and self-absorption, 
and expressed as c.p.m./mg dry liver. All results are presented as the mean of 
duplicate analyses from groups of at least five animals + the standard error. 


Results 


The incorporation of acetate-1-C' into cholesterol by rat liver slices was 
significantly increased in the adrenalectomized controls as compared with the 
sham-operated or intact controls (Table I). Treatment with deoxycortico- 
sterone resulted in a further significant increase in adrenalectomized rats. 


TABLE I 


Effects of adrenalectomy and adrenal steroid alcohols upon incorporation of 
acetate-1-C'* into cholesterol by rat liver slices* 











Treatment Unoperated Sham-operated Adrenalectomized 
No dose 217 +32 
Solvent 249 + 64 217+14 334** +22 
Corticosterone 228 +16 308* +80 
Cortisone 221 +36 303* +40 
Deoxycorticosterone 364** +41 1219** + 70 
Hydrocortisone 224+45 416** +35 
Progesterone 421** +44 338** +34 
Reichstein’s substance S 433** +71 371** 432 





Cholesterol activity expressed as c.p.m./mg dry liver + S.E.M. 

‘Significant at 1% level as compared with corresponding control group. 

*Significant at 5% level as compared with unoperated controls. 
**Significant at 1% level as compared with unoperated controls. 


Incorporation in adrenalectomized groups treated with the remaining steroids 
was not significantly different from that in the adrenalectomized controls, but 
was in all cases higher than in the intact controls. In groups of sham-operated 
animals which received progesterone, deoxycorticosterone, or Reichstein’s 
substance S, the isotope content was significantly increased over that in the 
sham-operated or intact control groups. 

In view of the general difference in effects exerted by the steroid acetates 
upon the incorporation of radioactive acetate into liver protein (4), the influ- 
ence of these compounds upon cholesterogenesis was investigated. The same 
general effect was observed (Table II), again with certain outstanding 
anomalies, the influence of esterification being to cause a lower isotope incor- 
poration than was observed with the steroid alcohols. Whereas the groups 
which were treated with the acetates of cortisone or hydrocortisone showed no 
increase in isotope incorporation above the sham-operated or intact control levels, 
those which received the acetates of deoxycorticosterone or Reichstein’s sub- 
stance S exhibited a significantly increased activity. There was, however, a 
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TABLE II 


Effects of adrenalectomy and adrenal steroid acetates upon incorporation of 
acetate-1-C' into cholesterol by rat liver slices* 








Treatment Unoperated Sham-operated Adrenalectomized 





No dose 217+32 

Solvent 249 + 64 217+14 $34°* 4-22 
Cortisone acetate 148 +23 273 +46 
Deoxycorticosterone acetate 423**> +66 436*** +50 
Hydrocortisone acetate 156+74 277 +68 
Reichstein’s substance S acetate 311**°+46 446** +55 





«Cholesterol activity expressed as c.p.m./mg dry liver + S.E.M. 

‘Significant at 1% level as compared with corresponding control group. 

eSignificant at 5% level as compared with corresponding control group. 
**Significant at 1% level as compared with unoperated controls. 


pronounced difference between the effects of deoxycorticosterone and deoxy- 
corticosterone acetate, the former increasing cholesterogenesis from acetate 
sixfold, while the latter only doubled incorporation. 

In order to ascertain whether deoxycorticosterone exerted a similar effect at 
some further stage in the biosynthesis of cholesterol, mevalonic acid-2-C' was 
used as the substrate in a similar series of investigations. While neither deoxy- 
corticosterone nor any of the other steroids stimulated cholesterogenesis, 
isotope incorporation was again higher in the adrenalectomized control group 
than in the sham-operated group. This increased activity in adrenalectomized 
animals as compared with their corresponding sham-operated group was also 
observed in those treated with deoxycorticosterone, hydrocortisone, proges- 
terone, or Reichstein’s substance S, though the latter steroid caused a depression 
in cholesterogenesis in both groups. Differences were, however, in no case as 
great as were observed with acetate-1-C' as substrate. 


Discussion 


It has been shown in this investigation that the effect of adrenalectomy is to 
increase the ability of the liver to synthesize cholesterol. A possible explanation 
for this lies in the findings of Fregly (7), and of Fletcher and Myant (2). 
Fregly, during investigations into the production of hypertension in adrenal- 
ectomized rats by hypertonic salt solutions, observed that whereas no hyper- 
tension was produced by 0.9% saline in either control or adrenalectomized 
animals, the latter group of animals, maintained on 0.9% saline, exhibited a 
significant increase in thyroid weight. Fletcher and Myant showed that a two- 
to three-fold increase in hepatic cholesterogenesis from acetate could be ob- 
tained by treating rats with thyroxine. It would seem possible that the in- 
creased cholesterol synthesis observed in adrenalectomized rats may be an 
indirect effect due to an elevated basal metabolic rate mediated through the 
thyroid gland. The effect of adrenalectomy in stimulating cholesterol bio- 
genesis is at variance with the findings of Perry and Bowen (3). They reported 
that incorporation of acetate-2-C' into fatty acids and cholesterol, by liver 
slices of intact and adrenalectomized rats, was depressed in the latter group. 
It is important in comparing these results to relate them to the physiological 
condition of the experimental animals. Migicovsky (unpublished observations) 
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has demonstrated that cholesterol biogenesis in vitro is reduced in older rats, 
and it is possible that this might be the source of the different results. 

The predominant finding in this series of investigations is the pronounced 
effect of deoxycorticosterone in stimulating cholesterogenesis from acetate. 
This influence is quite distinct from any exerted by the other steroids studied. 
Since no increase on a comparable scale was observed with labelled mevalonic 
acid as substrate, it seems possible that this adrenocorticoid activates in some 
way an enzyme or enzymes involved in cholesterol synthesis prior to mevalonic 
acid. That this isa relatively specific effect of deoxycorticosterone on lipid meta- 
bolism is reflected in the fact that while it increased acetate incorporation into 
liver protein (4), and also trebled acetate oxidation (8), a sixfold increase in 
cholesterol activity was observed. A possible explanation for the effect of this 
hormone may be found in its known hypertensive action, which is particularly 
evident when accompanied by an increased intake of sodium chloride (9). 
Omae and Masson (10) have shown that cortisone and hydrocortisone also are 
capable of producing hypertension in rats, but have suggested that the mecha- 
nisms of mineralocorticoid and glucocorticoid hypertensions are different. Rats 
treated with deoxycorticosterone acetate maintained an elevated blood pressure 
after discontinuation of treatment; this was not found to occur with the two 
glucocorticoids. 

The over-all picture of the effects of adrenal steroids upon lipid metabolism 
is very confused, many species variations being observed. The administration 
of cortisone or hydrocortisone to rabbits was shown by Wang, Bossak, and 
Adlersberg (11) to produce increased serum concentrations of phospholipid, 
neutral fat, and cholesterol. A similar effect of cortisone in adrenalectomized 
dogs could be overcome by simultaneous treatment with deoxycorticosterone 
acetate (12). Knowlton ef al. (13) and Migeon (14) were unable to show any 
significant changes in serum cholesterol or lipid phosphorus levels in adrenal- 
ectomized rats treated with deoxycorticosterone acetate. However, as has been 
demonstrated in the case of the thyroid gland the effect of a particular hormone 
upon the plasma cholesterol level is not necessarily reflected in the rate of 
hepatic cholesterogenesis (15). Whether the effect of deoxycorticosterone upon 
cholesterol synthesis in the liver is exerted directly or indirectly is a matter of 
conjecture, but it would appear possible, in view of the known principal 
function of this steroid as a mineralocorticoid, that some other endocrine 
system is implicated. 

It has been reported by Hotta and Chaikoff (1) that cholesterogenesis is also 
increased in the diabetic animal, though this has not been confirmed by the 
extensive studies of Siperstein and Fagan (16). The importance of the hexose- 
monophosphate shunt in the synthesis of cholesterol and in lipogenesis has been 
emphasized by these latter investigators, and it is perhaps pertinent to note 
that the level of glucose-6-phosphate dehydrogenase is elevated in livers of 
thyroxine-treated rats (17) and in adrenalectomized rats (18), but decreased in 
alloxan-diabetic animals (17). Work in this laboratory (19) has confirmed that 
the glucose-6-phosphate dehydrogenase activity of rat liver is raised above the 
control level 3 days postoperatively, though deoxycorticosterone was not found 
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to influence the activity of this system. 


fo 


If it is to be accepted that diabetic animals do indeed have a higher capacity 
r cholesterol synthesis it is surprising that neither cortisone nor hydrocor- 


tisone, which may cause “‘steroid diabetes’, produce an increase in hepatic 
cholesterogenesis in adrenalectomized or sham-operated animals. 
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THE INFLUENCE OF ADRENALECTOMY AND INDIVIDUAL 
STEROID HORMONES UPON THE METABOLISM OF 
ACETATE-1-C' BY RAT LIVER SLICES 


III. RESPIRATORY EFFECTS! 
J. S. WILLMER AND T. S. FosTER 


Abstract 


The oxidation of acetate-1-C' by rat liver slices was found to be raised above 
the control level in both sham-operated and adrenalectomized animals. Deoxy- 
corticosterone further increased substrate oxidation in the adrenalectomized 
group, but had no effect upon sham-operated animals. No other hormone investi- 
gated influenced the oxidation of acetate. The respiratory rate of liver slices 
was elevated by adrenalectomy: cortisone and deoxycorticosterone lowered the 
respiratory rate of sham-operated animals. A comparison has been made with the 
effects of certain esterified steroids. These were, in general, observed to be less 


stimulatory in effect than the corresponding alcohols, and in some cases caused 
considerable inhibition of respiration. 


Introduction 


Changes in respiratory rates, both of intact animals and isolated tissues, are 
frequently used as an indication of a modified metabolism. The influence of 
many factors, including hormones, upon respiration has been studied. 

Evidence for respiratory changes induced by adrenal hormones is voluminous, 
though confused, particularly as no standard can be set for experimental 
conditions, and the effects recorded are as varied as the particular tissues and 
hormones involved. While it has been observed that adrenalectomized rats 
produced a significantly greater amount of CO, from injected radioactive 
pyruvate than did intact controls (1), Perry and Bowen (2) reported no signi- 
ficant change in acetate oxidation by liver slices from adrenalectomized rats. 
Observations concerning the influence of adrenal hormones or adrenalectomy 
upon the oxidation of glucose (3), fructose (4), or galactose (5) have also been 
reported but provide little clarification of the mode of action of these hormones. 

A similar lack of agreement is present in the available evidence for the in- 
fluence of these hormones upon the rate of oxygen absorption of isolated tissues. 
Among those studied have been brain and muscle (6-8), liver (9), kidney (10), 
skin (11), adipose tissue (12), diaphragm (13), and heart (13). 

In the present investigation an attempt has been made to elucidate the 
influence of individual steroid hormones upon the oxidation of acetate-1-C' by 
liver slices from adrenalectomized, sham-operated, and intact rats. 


Methods 


The treatment and maintenance of experimental animals was as previously 
described (14). The steroids investigated were cortisone, hydrocortisone, 
deoxycorticosterone, corticosterone, Reichstein’s substance S, and progesterone, 
each being administered as a daily dose of 2 mg for 7 days. 


1Manuscript received April 26, 1960. 
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Respiration studies were carried out on liver slices weighing 50-70 mg in 
Warburg flasks containing 2.0 ml Krebs—Ringer—phosphate-glucose medium. 
The side arms of the flasks contained 0.1 ml of 0.01 M sodium acetate-1-C' 
having an activity of approximately 450,000 c.p.m. Filter papers on which was 
absorbed 0.2 ml 20% potassium hydroxide were placed in the center wells. All 
results are expressed in terms of Qo, (ul O2 absorbed/hour/mg dry tissue). 

Radioactive carbon dioxide was determined by transferring the contents of 
the center well of the Warburg flask into 10 ml distilled water, adding 1.0 ml 
0.4% sodium carbonate to give a suitable pad weight, and precipitating barium 
carbonate with 1.0 ml 5% barium chloride. The precipitate was padded on 
filter paper disks (15) and counted in an end-window gas-flow counter. The 
weight of the pad was determined by dissolving the precipitate in excess 0.1 NV 
HCl and back-titrating with alkali. Activity was corrected for background and 
self-absorption and expressed as c.p.m./mg dry liver. 

All results are presented as the mean of duplicate analyses from groups of at 
least five animals. 


Results 


The oxidation of acetate-1-C' to C'4O, (Table I) was significantly increased 
in the sham-operated and adrenalectomized control animals, by comparison 
with the intact controls, although there was no significant difference in this 


TABLE I 


The influence of adrenal steroid alcohols on the oxidation of 
acetate-1-C' by rat liver slices* 











Treatment Unoperated Sham-operated Adrenalectomized 

No dose 1736+102 

Solvent 1697 +164 2285** + 83 2430** + 140 
Corticosterone 2844**> + 299 2720** + 326 
Cortisone 2672** +318 3152** + 337 
Deoxycorticosterone 2423** + 164 6462 **¢ + 351 
Hydrocortisone 2192 +242 3471°* +271 
Progesterone Z2n2" +145 2438** +225 
Reichstein’s substance S 2486** + 239 2616** + 138 





«CQO» activity expressed as c.p.m./mg dry liver + S.E.M. 

+Significant at 5% level as compared with corresponding control group. 

¢Significant at 1% level as compared with corresponding control group. 
**Significant at 1% level as compared with unoperated controls. 


capacity between the two former groups. A further significant increase was 
caused by treatment of adrenalectomized rats with cortisone, deoxycortico- 
sterone, or hydrocortisone, and of sham-operated animals with corticosterone. 

These values may be compared with the levels of oxygen uptake obtained 
from the same animals, presented in Table i]. Again adrenalectomy produced 
a significant increase, though no difference was observed between sham-operated 
and intact control animals. The values for the adrenalectomized groups which 
were treated with corticosterone, Reichstein’s substance S, or progesterone are 
not significantly different from those of the intact controls. While the values 
obtained for the remaining adrenalectomized groups are higher than those for 











WILLMER AND FOSTER: METABOLISM OF ACETATE-1-C'*,_ III 1401 


TABLE II 


The influence of adrenal steroid alcohols on the respiration of rat liver slices* 














Treatment Unoperated Sham-operated Adrenalectomized 
No dose 5.6+0.3 
Solvent 5.4+0.3 §.6+0.2 4.4°° 49.2 
Corticosterone 5.7+0.3 5.6°+0.2 
Cortisone 4.7*+0.4 6.9*+0.8 
Deoxycorticosterone “1° 20.0 i.2°° 20.9 
Hydrocortisone 5.6+0.5 6.5°+0.3 
Progesterone 4.8+0.3 6.3+0.3 
Reichstein’s substance S 6.0+0.8 6.1°+0.4 





*Qo2 expressed as ul O2 absorbed/hour/mg dry liver + S.E.M. 
‘Significant at 1% level as compared with corresponding control group. 
‘Significant at 5% level as compared with corresponding control group. 
*Significant at 5% level as compared with unoperated controls. 
**Significant at 1% level as compared with unoperated controls. 


the intact control animals no significant differences from the adrenalectomized 
controls are evident. Treatment with cortisone or deoxycorticosterone was 
observed to depress the respiration of liver slices from sham-operated animals. 

As in previous publications (14, 16) the influence of the steroid alcohols was 
in certain cases compared with the effects of administering the hormones as 
acetates. Again the influence of esterification, both on CO, production 
(Table III) and Qo, (Table IV), was to cause a diminution in effect. While 


TABLE III 


The influence of adrenal steroid acetates on the oxidation of 
acetate-1-C" by rat liver slices* 











Treatment 





Unoperated Sham-operated Adrenalectomized 
No dose 1736+102 
Solvent 1697 +164 2285** + 83 2430** + 140 
Cortisone acetate 2408* +117 see S50 
Deoxycorticosterone acetate 2219 +288 2231* +147 
Hydrocortisone acetate 2087 +276 2660** + 197 
Reichstein’s substance S acetate 2429** + 242 2219* +144 








aCl4Q» activity expressed as c.p.m./mg dry liver + S.E.M. 
*Significant at 5% level as compared with unoperated controls. 
**Significant at 1% level as compared with unoperated controls. 


TABLE IV 


The influence of adrenal steroid acetates on the respiration of rat liver slices* 





Treatment Unoperated 





Sham-operated Adrenalectomized 








No dose 5.6+0.3 

Solvent 5.4+0.3 5.6+0.2 7.7" 46.2 
Cortisone acetate 5.0+0.3 5.2 +0.2 
Deoxycorticosterone acetate 3.97" £6.35 4.6** +0.4 
Hydrocortisone acetate 4.2°* 240.4 5.1° +0.3 
Reichstein’s substance S acetate 5.0+0.4 4.7% +0.3 





“Qo2 expressed as ul O2 absorbed/hour/mg dry liver + S.E.M. 

‘Significant at 1% level as compared with corresponding control group. 

*Significant at 5% level as compared with unoperated controls. 
**Significant at 1% level as compared with unoperated controls. 


deoxycorticosterone caused a threefold elevation in C'*O, production in adrenal- 
ectomized animals, administration of deoxycorticosterone acetate caused no 








1402 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 38, 1960 


greater change than did adrenalectomy alone. To a lesser extent this was also 
observed in the groups of animals treated with cortisone acetate or hydro- 
cortisone acetate. 

Sham-operated animals treated with deoxycorticosterone acetate or hydro- 
cortisone acetate exhibited a significantly decreased respiratory rate and this is 
reflected in the reduced activity of CO, produced, the values obtained not being 
significantly different from those of the intact controls. 

The steroid acetates reduced the respiratory rate in all groups of adrenalectom- 
ized animals to a level which was significantly lower than that of the adrenal- 
ectomized control group (Table IV). 


Discussion 


In an appraisal of the data presented above, account must be taken of the 
fact that the media in which the tissue slices were incubated contained both 
acetate and glucose as substrates. While the measurement of C'O, evolution 
gives an indication of acetate oxidation alone, the Qo, values are a function of 
the oxidation of both glucose and acetate. A comparison of the results in 
Tables I and II shows that while deoxycorticosterone caused a considerable 
increase in C!4O, production, it did not stimulate respiration above the adrenal- 
ectomized control level. This apparently specific influence upon the metabolism 
of acetate is confirmed by the stimulation of cholesterogenesis evoked by 
deoxycorticosterone (16). It is also evident that while either adrenalectomy or 
the stress imposed by sham operation raised the production of C'Oz, no steroids 
other than deoxycorticosterone acted as a further stimulus to acetate oxidation. 
This may be compared with the influence upon respiration, which is increased 
only in adrenalectomized control animals and maintained at this elevated rate 
by cortisone, deoxycorticosterone, or hydrocortisone: sham operation alone 
produced no change in respiratory rate, and the imposition of treatments with 
cortisone or deoxycorticosterone actually caused a reduction in Qo,,. 

A general conclusion to be drawn from these data is, therefore, that the effect 
of adrenalectomy is to stimulate non-specifically the oxidation of both acetate 
and glucose, and that this effect may be modified by treatment with individual 
steroids. Deoxycorticosterone apparently increases lipogenesis from acetate; 
corticosterone, progesterone, and Reichstein’s substance S depress respiration 
in adrenalectomized rats, but exert no influence upon acetate oxidation. 

Considerable conflicting evidence already exists for the effects of adrenal- 
ectomy and adrenal hormones upon the respiration of tissue slices and intact 
animals. Contrary to our results, Perry and Bowen (2) reported that adrenal- 
ectomy caused no significant change in the oxidation of acetate-2-C'* by rat 
liver slices, though the difference in age and physiological condition of the two 
experimental groups could account for the dissimilar observations. Confirma- 
tion of the evidence presented here may be found in the work of Winternitz and 
Kline (1), who observed that adrenalectomized rats exhaled significantly greater 
amounts of C'4O, than normal unoperated controls when they were injected 
with pyruvate-2-C'. Few results obtained under similar conditions are avail- 
able for comparison, though the evidence presented in Table II indicates that 
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adrenalectomy does cause an increase in glucose oxidation. This differs from 
the findings of Ashmore et al. (4), who, using glucose-1-C'* and fructose-U-C™ 
as substrates, observed no difference in C'*O; production either in adrenalecto- 
mized animals or in hydrocortisone-treated intact rats. In contrast to this it 
was observed by Tipton (9) that adrenalectomy decreased the respiration of 
liver slices utilizing pyruvate or succinate, but not with glucose as substrate. 
This is supported by Russell and Wilhelmi (17), who, using rat kidney slices, 
found that respiration could be restored to normal or increased by adrenal 
cortical extract or deoxycorticosterone. 

In conclusion we would again emphasize the important part played by the 
physiological state of the animals; until hormones can be so administered as to 
allow of utilization at normal physiological levels, conditions must be strictly 
comparable if the data are to be interpreted correctly. 
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PURIFICATION OF PROTHROMBIN AND THROMBIN 
BY CHROMATOGRAPHY ON CELLULOSE! 


WALTER H. SEEGERS AND RiIcarDO H. LANDABURU 


Abstract 


A method is described for obtaining purified bovine thrombin by chroma- 
tography on phosphate cellulose, and purified bovine prothrombin by chroma- 
tography on diethylaminoethy] cellulose. Both proteins are obtained as single 
components, and in high yield. The purified prothrombin does not convert to 
thrombin in 25% sodium citrate solution or protamine sulphate solution. The 
N-terminal amino acid is the same as in purified prothrombin obtained by different 
methods in this laboratory, but instead of tyrosine and glycine the C-terminal 
amino acid is serine. A fundamental difference in structure is thus associated 
with altered activation characteristics. 


In this laboratory methods for the purification of bovine prothrombin were 
developed and employed to provide material for extensive studies. In principle 
the prothrombin is precipitated from diluted plasma, adsorbed on magnesium 
hydroxide, eluted, fractionated with ammonium sulphate, and precipitated at 
the isoelectric point (1). Thrombin suitable for physical chemical studies was 
prepared from these products (2) and also concentrates of autoprothrombin I, 
autoprothrombin II, as well as the recently discovered inhibitor autopro- 
thrombin II-A (3). A simple molecular entity, prothrombin, is thus the source 
of several natural substances of importance in physiology (4). In addition, 
acetylated prothrombin (5) and acetylated thrombin (6) were created as 
modified proteins with properties of great interest (7). To obtain and extend 
such information we are quite dependent upon the convenience of the pro- 
cedures because the labor to obtain material is quite extensive in proportion 
to our requirements. Moreover, modifications and new procedures could con- 
ceivably remove important trace substances, increase the specific activity, or 
even alter the structure of the prothrombin itself. 

The introduction of cellulose materials (8) for chromatography of proteins 
was followed by their commercial production, and in this paper we report our 
successful experiments for the isolation of prothrombin with a specific activity 
no higher than previously obtained, but with a structure that is different from 
any previously described. The method for obtaining this is relatively easy to 
carry through. With respect to thrombin its production with cellulose is by 
far the simplest in our experience, but most likely the product is not different 
from others. 


Materials and Methods 


Bovine prothrombin was separated by adsorption on magnesium hydroxide 
(1). The specific activity of the products used ranged from 15,000 to 30,000 


‘Manuscript received July 12, 1960. 
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units/mg tyrosine when assayed by the modified two-stage methods (9). 
Thrombin activity was measured with the use of fibrinogen as a substrate (10). 
Phosphate cellulose (Cellex-P) was obtained from California Corporation for 
Biochemical Research, Los Angeles 63, California, U.S.A.; and cellulose coupled 
with 2-chlorotriethylamine hydrochloride (DEAE cellulose) was obtained from 
Brown Company, Berlin, New Hampshire, U.S.A. 


Chromatography of Prothrombin with DEAE Cellulose 


The buffers used in this work are the following: 


Buffer A Buffer B 
0.3 M pH 8.0 0.05 M pH 7.0 
2.194 g NaH.PO,-H,O 2.691 g NaH.PO,-H.O 
40.333 g NasHPO; 4.331 g NasHPO, 
Buffer C Buffer D 
Mix 1 part buffer A Mix 5 parts buffer A 
9 parts buffer B 5 parts buffer B 
(0.075 M pH 7.2) (0.175 M pH 7.45) 


The DEAE cellulose anion exchanger was conditioned by washing several 
times with phosphate buffer B to obtain the buffer concentration and pH 
wanted for the chromatography. The small amount of nonsedimenting material 
was removed by decantation and discarded. The glass tube for the column was 
30 cm long and 9 mm in diameter and was brought to a taper at the bottom 
and closed with filter paper. The cellulose was then mixed a few minutes in a 
Waring blender, so that the adsorbant could be poured as a slurry, by repeated 
additions until there was no more settling by gravity. Air pressure (10 p.s.i.) 
was then applied to obtain a column of cellulose 25 cm long and 9 mm in dia- 
meter. When prepared in this way the column does not run dry under gravity. 

The prothrombin was first prepared by the magnesium hydroxide adsorption 
method of Seegers (1). About 100,000 units were taken up in 4 to 5 ml of the 
0.05 M, pH 7.0, phosphate buffer B and applied to the top of the column. In 
about 10 to 15 minutes the prothrombin solution usually goes in and can be 
followed with the phosphate buffer at a rate of about 10 ml per 30 minutes 
(one drop every 18-20 seconds). About 40 ml of buffer are run through (collect 
in four tubes). Very little prothrombin comes from the column with this buffer 
or with the change to the next buffer C (Fig. 1). The 5 ml of the original buffer 
above the cellulose are not removed, and 70-100 ml of buffer C are run through 
with no change in rate (one drop every 18-20 seconds). Then buffer D, which 
contains more salt and is more alkaline, is used to elute the prothrombin. The 
change is made as described for buffer C. Generally prothrombin can be 
collected after 30-40 ml of buffer D have been used, and the material with 
highest potency is in the fourth or fifth tube (Fig. 1). 

In a series of five successive preparations the specific activity, expressed in 
units per milligram tyrosine, in the highest tube was respectively: 33,200, 
31,300, 36,300, 39,800, and 31,800. The recovery in all tubes ranged from 82 to 
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100% of the total applied to the column. We found that the prothrombin 
should have at least a specific activity of 10,000 or preferably 15,000 units per 
mg tyrosine before being applied to the column. The recovery was a little better 
and the specific activity a little higher when the work was done at icebox 
temperatures rather than in the laboratory. 



















a BOVINE PROTHROMBIN 
=3000 Total 75,000 Units 
va DEAE CELLULOSE 0.9X 25 cm PROTHROMBIN 
WW 7°C-ALL R 
Zoio | e C- ALL RECOVERED id 
° 5 
w 0.075 + 22000;- Tube 15=30,200 Units/mg TYROSINE 
2 0: z " 16=34000 " ™ " 
S 2 “ 17=2 1,200 “ " TYROSINE 
& ro} " 18=15400 "— « 
= 0.05 & 
- 
0.025+ ~ q 
ll BUFFER D \ 
BUFFERB Cm “a ee 
0.0 





12345 6 7 8 9 10 Il 12 13 14 15 16 17 18 19 20 
TUBE NUMBER (IO ML FRACTIONS) 


Fic. 1. Chromatography of bovine prothrombin preparation on DEAE cellulose. 


Chromatography of Thrombin with Phosphate Cellulose 


There are several cellulose preparations available for use in ion exchange 
chromatography, but so far we have used only phosphate cellulose with success. 
Diethylaminoethyl cellulose (anionic exchanger), used for our prothrombin 
work, apparently does not adsorb the thrombin. Carboxymethy! cellulose 
(cationic exchanger) adsorbs the thrombin, but in the process of chroma- 
tography thrombin activity is lost. 

For the chromatography with phosphate cellulose the reagents needed are 
as follows: 


Buffer A Buffer B 
0.01 M pH 7.0 0.05 M pH 7.0 
0.538 g NaH,.PO,:H,O 2.691 g NaH2PO,:-H.O 
0.866 g NaHPO, 4.331 g NasHPO, 
Buffer C 
0.15 M pH 8.0 


1.097 g NaH.PO,-H,O0 
20.166 g Nas HPO, 


The particular phosphate cellulose used contained 1 milliequivalent of 
phosphorus per g, and was equilibrated at pH 7.0 with buffer A. Usually three 
or four washings were sufficient. A column 2X13 cm was poured and packed 
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under gravity. The column was not allowed to run dry. Then about 150,000 
units of bovine thrombin, which already had at least a specific activity of 
12,000 units per mg of tyrosine, was layered over the column. This thrombin 
can easily be obtained from prothrombin by one of several activation pro- 
cedures (11, 12). The thrombin was contained in usually not more than 3 ml 
of solution. The thrombin adsorbs. Buffer A (one drop every 7 to 10 seconds) 
was used until 80 to 100 ml of buffer passed. This brought out impurities and 
very little thrombin (Fig. 2). Then buffer B was used to wash away more 
nonthrombin protein. About 60 ml were used. 





BOVINE THROMBIN | 
Total 144,000 units 
PHOSPHATE CELLULOSE 2x1I3 cm 
Room Temperoture — 8000 
88 % RECOVERY 24 
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a ee . 
- 8 = 30, 4000 z 
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2 $< re 
g o.2— — 2c00 
‘ts “ a TYROSINE 
ra 
= oe a oe a coe 1 
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Fic. 2. Chromatography of bovine thrombin preparation on phosphate cellulose. 


Finally buffer C was used to chromatograph the thrombin. After about 
60 to 80 ml were collected the thrombin appeared rather sharply in a few tubes 
(10 ml each) and had a specific activity in the range of 47,000 units per mg 
tyrosine. The buffer C was run at a rate of about one drop every 8 to 10 seconds. 
This procedure was performed at room temperature. In three successive runs 
the highest specific activity in terms of units per mg tyrosine was 47,200, 46,400, 
41,600. This purification was possible even when the specific activity of the 
starting material was as low as 10,000. All of the thrombin was recovered, and 
concentrated by the methods of Seegers, Levine, and Shepard (2). 


Discussion 


Our method for obtaining thrombin is by far the simplest described to date. 
Conditioning of the cellulose is usually achieved with a few washings, and the 
entire chromatography can be completed in 3 hours. After use it can be cleaned 
with 0.1 N sodium hydroxide and used again. The specific activity of the 
thrombin is the same (2) as for the material obtained on IRC-50(XE-64). 
The addition of Rivanol to the IRC-50(XE-64) has yielded a product reported 
to have a specific activity of 61,000 units/mg tyrosine (13). This is a value we 
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have not been able to achieve and we suppose that differences in the methods of 
assay account for the unusual observation. 

In the chromatography of prothrombin with cellulose, simplicity, reproduci- 
bility, and convenience are the outstanding characteristics of the method. The 
product is homogeneous when examined with an ultracentrifuge. It has a 
sedimentation constant comparable to that reported previously (14) for pro- 
thrombin preparations made in this laboratory. The specific activity is equal 
to the best obtained by the magnesium hydroxide technic (1) or this technic 
combined with chromatography on I RC-50(XE-64) as described by Miller (15). 
Whereas these two last-mentioned procedures give products that transform to 
thrombin in 25% sodium citrate solution or in protamine sulphate solution, our 
DEAE-prothrombin does not. This prothrombin preparation thus has about 
the same specific activity and the same sedimentation constant, but is neverthe- 
less different in activation characteristics. On further study it was found that 
the N-terminal amino acid is alanine, quite as in the other two products (16). 
However, the C-terminal amino acid is serine, whereas the other two prepara- 
tions have tyrosine and glycine (16). There is thus a difference in chemical 
structure as the C-terminal end(s) of the molecule. 

The magnesium hydroxide method of Seegers has been modified with the use 
of barium sulphate in place of magnesium hydroxide and used to process plasma 
filtered through a Seitz filter (17). This prothrombin did not form thrombin in 
25% sodium citrate solution, and we have already mentioned that this might 
be due to an inhibitor that can adsorb on barium sulphate (18), or that Seitz 
filtration alters the plasma components (19). We can now add the further 
suggestion that the filtration specifically alters the prothrombin (16). 

Other alterations of prothrombin seem to be likely, and we cite one more 
example. Prothrombin made by the method of Seegers (1) can be passed 
through the amberlite IRC-50(XE-64) column to produce a prothrombin that 
becomes autoprothrombin I in the presence of thrombin (3, 4). Before the 
chromatography the same prothrombin becomes autoprothrombin II in the 
presence of thrombin. This change in activation characteristics is independent 
of qualitative N-terminal or C-terminal amino acid composition (16). Further- 
more, the selected best preparations obtained by the method of Seegers (1) are 
not made more potent by the IRC-50 chromatography. 

In our extensive experience with IRC-50 chromatography as described by 
Miller (15) we find that the potency of the chromatographed prothrombin is 
quite dependent upon the specific activity of the starting material. If the 
specific activity is low after the chromatography the preparations become 
autoprothrombin I in the presence of thrombin (3). Whether the prothrombin 
converts to autoprothrombin I| or autoprothrombin II depends upon whether it 
has been in contact with IRC-50 or not, and seems to be independent of specific 
activity or the N- or C-terminal amino acids. 
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CARDIAC OUTPUT IN ACUTE EXPERIMENTAL 
METHEMOGLOBINEMIA' 


C. W. GowDEY 


Abstract 


Methemoglobinemia induced in normal anesthetized dogs by intravenous 
infusions of aniline resulted in a decreased arterial oxygen content and a marked 
increase in cardiac output. Heart rate, arterial pressure, blood viscosity, and 
oxygen consumption increased, while total peripheral resistance and arteriovenous 
oxygen difference decreased. The elevation of cardiac output occurred in spite of 
the fact that the hematocrit level and blood viscosity increased. Ganglion- 
blocking doses of pentolinium bitartrate did not significantly alter the cardio- 
vascular responses to the methemoglobinemia. 


Introduction 


During our investigations of the responses of the heart to acute experimental 
anemia in dogs the possibility arose that a good part of the increased cardiac 
output might be related to the reduced viscosity of the anemic blood. In 1959 
Richardson and Guyton (1) stated that it had not been determined whether 
the changes in cardiac output during anemia or polycythemia were caused by 
changes in blood viscosity or by other factors; they concluded that viscosity 
alone may have a major effect. Much earlier, Whittaker and Winton (2) had 
demonstrated in the perfused hind limb of the dog that the apparent viscosity 
of blood decreased as the corpuscular concentration decreased. The relation 
between viscosity and erythrocyte concentration has been further elucidated 
by the work of Levy and Share (3) and recently by Haynes and Burton (4). 

It was considered that the relative importance of the viscosity factor might 
be evaluated if the cardiac output were to be measured in experiments in which 
the capacity of the blood for carrying oxygen was reduced without a concomi- 
tant reduction in the hematocrit level. The acute formation of methemoglobin 
would produce just such conditions, and Clark and his associates (5, 6) had 
found that the administration of aniline to dogs produced marked methemo- 
globinemia. Accordingly, the cardiac output was measured in a series of dogs 
before and at intervals after the reduction of the arterial oxygen content by 
aniline-induced methemoglobinemia. 


Methods 


Mongrel dogs weighing between 13.5 and 22.5 kg, average 18.3 kg, were 
anesthetized lightly with sodium pentobarbital. Catheters were placed in the 
brachial or femoral artery and the pulmonary artery or right ventricle, and the 
pressures were measured by Sanborn manometers recording on a Polyviso. All 
pressure readings were measured from heart level. The cardiac output was 
determined by the direct Fick method; oxygen consumption was measured 

‘Manuscript received February 29, 1960. 
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with a Sanborn Metabulator. The samples of arterial and mixed venous blood 
were withdrawn over 2-minute periods after the animal had been breathing 
oxygen for 5 minutes and the blood gases were determined immediately after 
withdrawal by the method of Peters and Van Slyke. Arterial hematocrit levels 
were measured in Wintrobe tubes. Total peripheral resistance was calculated 
as the mean arterial pressure in mm Hg divided by the cardiac output in ml per 
minute per kg. A period of 2.5 hours from the onset of anesthesia was allowed 
for the animal to reach a steady state. In the control period which followed, 
two determinations of the cardiac output and other cardiovascular indices were 
made. Then aniline (150 mg per kg dissolved in 0.9% saline) was administered 
intravenously over a 15- to 30-minute period. Cardiovascular measurements 
were repeated 1, 2 and, sometimes, 3 hours after the end of the aniline infusion. 
In six experiments the aniline infusion was accompanied or preceded by the 
intravenous administration of the ganglionic blocking agent, pentolinium 
bitartrate (5 mg per kg). In four additional experiments the viscosity relative 
to that of dog plasma was measured at several erythrocyte concentrations 
before and after the infusion of aniline. An Ostwald viscometer was placed in a 
water bath maintained at a constant temperature (37° C) and the viscosity 
of the blood samples, also maintained at bath temperature, were measured 
using a driving pressure of 40 mm mercury. 


Results 


The cardiovascular responses in eight dogs to methemoglobinemia are 
illustrated in Fig. 1 and are summarized in Tables I and II. In every experi- 
ment the cardiac output increased as the arterial oxygen content was reduced 
by the formation of methemoglobin. The erythrocyte concentration, heart 
rate, arterial pressure, respiration rate, and oxygen consumption also increased, 
whereas the arteriovenous oxygen difference and total peripheral resistance 
decreased after the aniline. The changes in pulmonary arterial or right ventri- 
cular pressure were inconsistent. Several measurements of the arterial oxygen 
saturation after aniline showed values above 85%, which means that the 
residual hemoglobin was adequately saturated. Table II shows that along 
with the increased concentration of erythrocytes after aniline the apparent 
viscosity of the blood increased. This increase was, however, not different from 
that of normal dog blood with the same erythrocyte concentration. From 
Tables I and II it will be noted that although the apparent viscosity of the blood 
increased after aniline administration, the total peripheral resistance was 
decreased (which is another reflection of the elevated cardiac output). 

In a series of six dogs which had received pentolinium bitartrate before 
administration of the aniline the relative increases in cardiac output from 
81.5+11.57 ml per minute per kg before, to 129.5+17.72 at 1 hour and 
142.3+18.54 at 2 hours after, the aniline were not significantly different from 
those obtained at similar times in the series of eight unblocked dogs (see Table 
1). In this series the mean heart rate and erythrocyte concentration did not 
change after the administration of aniline, whereas the respiratory rate increased 
considerably as the arterial oxygen content was reduced. 
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Fic. 1. Increase in cardiac output in methemoglobinemia. Dog 19 kg, male, anesthe- 
tized with sodium pentobarbital. The cardiac output (liters/minute), arterial oxygen 
content (volumes/100 ml blood), hematocrit level (% packed cells), heart rate, and mean 
arterial pressure (mm mercury) are shown. At the vertical line 150 mg per kg aniline 
dissolved in 0.9% saline were infused over a 14-minute period. Note the marked increase 
in cardiac output as the arterial oxygen content was reduced in spite of the increased blood 
viscosity as the hematocrit level rose from 54.5 to 58.0%. 


TABLE II 


Apparent viscosity* before and after aniline infusion 











Mean Mean 

No. of hematocrit apparent 

readings level viscosity 
Control period 7 46.9% 2.48 
After aniline 4 49.0% 2.55 
Control period f 3 58.1 2.87 
After aniline 4 S723 2.83 





*Viscosity relative to that of dog plasma (assigned value = 1). 
+Packed cells were added to normal blood to make it polycythemic for 
comparison with postaniline values. 


Discussion 


The results show that aniline-induced methemoglobinemia lowered the 
arterial oxygen content within 1 hour and that the reduction was slightly 
greater at 2 hours. The suggestion (5) that the methemoglobin is formed not 
by aniline itself but by a metabolite, probably p-aminophenol, would account 
for its continuing appearance even though the aniline had been injected intra- 
venously. The foregoing results are in agreement with those obtained by Clark 
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et al. (6), who administered aniline orally to three unanesthetized dogs and 
measured the cardiac output 3.5—9 hours later. They, too, noted that, although 
the oxygen capacity was markedly reduced, the arterial oxygen saturation of 
the active hemoglobin remained practically unchanged and there were no 
significant changes in total hemoglobin. In the present experiments the hema- 
tocrit level tended to rise after aniline. The reason for this hemoconcentration 
is not known, but because of it the effective viscosity increased. In spite of 
this increased viscosity, however, the cardiac output rose as the arterial oxygen 
content was lowered. 

Richardson and Guyton (1) claimed that in anemia or polycythemia viscosity 
alone may have a major effect on cardiac output. That viscosity may be 
important in polycythemia is not questioned, but in anemia it is probably a 
secondary factor. In earlier experiments in which anemia was produced acutely 
by dilution of the blood with plasma substitutes it was found (7) that no marked 
increase in cardiac output occurred until the erythrocyte concentration was 
reduced below 35%. In acute normovolemic exchange anemia (blood with- 
drawn and an equal volume of dextran solution injected) consistent increases 
in cardiac output occurred only after the hematocrit level had fallen below 
20% (8). Yet Levy and Share (3) found that the apparent viscosity of blood as 
measured in the hind limb was only slightly greater than that of plasma until 
the erythrocyte concentration exceeded 30%. Although in anemia the greatest 
changes in cardiac output do not occur until the erythrocyte level is reached at 
which the apparent viscosity is close to that of plasma, the present experiments 
show that the cardiac output can rise in response to a lowered arterial oxygen 
content in spite of increased viscosity of the blood. 

That the increased cardiac output following aniline is related to the decreased 
arterial oxygen content rather than to a cardiotonic effect of aniline per se is 
likely for two reasons. Bonnet and Lelu (9) found that aniline was toxic to the 
frog heart, markedly increasing the chronaxie. More important, however, is the 
fact that the elevation of cardiac output in the present experiments is of the 
same magnitude as that observed when the arterial oxygen content is reduced 
by the production of acute anemia. In Table III the cardiac outputs and 


TABLE III 


Comparison of changes in cardiac output with reduced AO, in 
methemoglobinemia and anemia 











Cardiac Art. oxygen 

No. of output* content* 

Series expts. (ml/min/kg) (vol. %) 
Aniline-methemoglobinemia 8 182+19.1 8.36+0.62 
Plasma—anemia t 9 168+12.2 4.10+0.15 
Dextran—anemiat 5 208+ 7.9 4.17+0.35 





*Mean and S.E.M. 
tData taken from ref. 8. 


arterial oxygen contents of the present aniline series are compared with those 
obtained in an earlier experiment (8) in which acute anemia was produced in 
dogs by the exchange of dextran or homologous plasma for whole blood. It can 
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be seen that, although the arterial oxygen content was not reduced as much in 
the aniline series as in the anemias, the cardiac outputs were not significantly 
different in the three types of experiment. 

The results also show that the increase in cardiac output is not prevented by a 
dose of the ganglionic blocking agent, pentolinium bitartrate, sufficient to 
prevent an increase in heart rate in the present experiments and which, in 
earlier experiments, was shown to inhibit several important cardiovascular 
reflexes (10). It therefore appears unlikely that the sympathetic nervous 
system is indispensable in this response. 

These results indicate that although in acute anemia the elevated cardiac 
output is accompanied by a reduction in the effective viscosity of the blood and 
in peripheral resistance, in methemoglobinemia the cardiac output rises even 
when the viscosity increases. It is, therefore, very unlikely that the response 


of the heart to a reduced arterial oxygen content is dependent upon changes in 
blood viscosity. 
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THE ROLE OF ESTERASE INHIBITION IN TETRAETHYLPYRO- 
PHOSPHATE POISONING IN THE HOUSEFLY, 
MUSCA DOMESTICA L.! 


D. STEGWEE 


Abstract 


The effect of tetraethylpyrophosphate (TEPP) was studied on the in vivo 
activity of different esterases in the housefly. TEPP was found to cause inhibition 
of the acetylcholinesterase and of the ali-esterase which hydrolyzes ethylbutyrate. 
The latter esterase could be selectively inhibited in vivo by treating the flies with 
tri-o-cresylphosphate (TOCP). Typical symptoms of organophosphorus poisoning 
developed only after TEPP when acetylcholinesterase was inhibited. Inhibition 
of this enzyme coincided with a rise of the level of acetylcholine in the insects. 
Treatment with TOCP caused a lowering of the level of acetylcholine. The insects 
became less sensitive to subsequent treatment with TEPP and in this case showed 
a lesser degree of accumulation of acetylcholine. The importance of acetylcholin- 
esterase and ali-esterase in TEPP poisoning is discussed. It is concluded that the 
major biochemical lesion effected was the inhibition of acetylcholinesterase. 
Inhibition of the ali-esterase was not directly related to the toxic action of TEPP, 
although possibly it led to interference with the accumulation of acetylcholine 
resulting from the acetylcholinesterase inhibition. 


Introduction 


At present there is abundant evidence for the hypothesis that the insecticidal 
action of organophosphorus compounds is closely associated with their ability 
to inhibit the enzyme acetylcholinesterase (AChE) (1). This inhibition is 
believed to cause accumulation of acetylcholine (ACh) as was observed by 
Smallman and Fisher (2) for heads and trunks of houseflies and by Colhoun 
(3, 4) for nerve cords of roaches after treatment with TEPP. The excess ACh 
would appear to be responsible for the disturbance of nervous transmission, 
which leads to hyperactivity, prostration, and paralysis (4). As yet there is no 
evidence that interference with the ACh-AChE system is the direct cause of 
death in insects. 

Criticism of the above hypothesis is based mainly on two observations. 
First, there is still no precise evidence that ACh is the substance responsible 
for synaptic and neuromuscular transmission in insects (3, 5, 6). Second, 
organophosphorus compounds are known to interfere with the action of other 
esterases besides AChE. Among these are esterases which are known to occur 
in insect tissues (7, 8, 9). Of special importance in this respect is the work of 
Van Asperen (10), who found a low degree of inhibition of AChE in contrast to 
a high inhibition of ali-esterase (AliE) in houseflies exposed to O,O-dimethyl- 
O-2,2-dichlorovinylphosphate (DDVP). 

The present study is an attempt to evaluate AChE and AIiE inhibition in 
the housefly during the early stages of poisoning with TEPP. Sublethal doses 
of this compound were used in order to study possible correlations between 
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symptomatology and the degree of esterase inhibition. Some of the results 
have been published in a preliminary report (11). 


Materials and Methods 
Insect Material 

Three-day-old female houseflies were used for all experiments. The insects 
were obtained from laboratory cultures reared according to the method of 
Fisher and Jursic (12). 

Inhibitors 

TEPP was obtained from the Delta Chemical Works Inc., New York, N.Y. 
It was purified by Dr. E. Y. Spencer from the Pesticide Research Institute, 
London, Ontario, according to the method of Hall and Jacobson (13) to meet 
the specifications set by these authors. For application to insects TEPP was 
dissolved in acetone; 0.05 to 0.20 ug in 2 wl was applied topically to the dorsal 
abdomen. For determinations of the in vitro inhibition of esterases by TEPP, 
aqueous solutions of the inhibitor were used. 

TOCP, Eastman Kodak, Rochester, N.Y., practical grade, was used without 
further purification. For topical application to the abdomen of flies TOCP was 
dissolved in acetone and amounts from 10 to 200 ug in 2 wl were used. For 
injections a solution in olive oil was used. Amounts from 10 to 20 yg in 1 ul 
were injected into the thorax through the cervical membrane. Acetone solutions 
were used for in vitro determinations of esterase inhibition by TOCP. 

Eserine sulphate, Nutritional Biochem. Corp., Cleveland, Ohio, was used for 
in vitro esterase inhibition studies only. Aqueous solutions were used in all 
experiments. 


Determination of Esterase Activities 

Determinations of esterase activities were performed in duplicate with 
homogenates of heads, thoraces, abdomens, and isolated thoracic ganglia of 
houseflies. The manometric method was used at a temperature of 25° C and 
pH 7.4. The reaction mixture contained NaHCO; 0.025 M, NaCl 0.085 M, 
KCI 0.002 M, CaCl, 0.009 M, enzyme, and substrate in water toa total volume 
of 2.7 ml. The gas phase consisted of 5% CO, in No. Readings were taken at 
10-minute intervals for at least 40 minutes. The activities were calculated by 
use of the method of Aldridge et al. (14) and they were expressed as the 
amount of CO, evolved over a period of 30 minutes (b39). Whenever necessary, 
corrections were made for non-enzymatic hydrolysis of substrate and for 
endogenous acid formation by the enzyme preparations in the absence of added 
substrate. The substrates used were acetylcholine, ethyl-u-butyrate, phenyl- 
acetate, and glyceryltriacetate (triacetin). With the exception of ACh, these 
esters were purified by redistillation. Details about the use of the various 
substrates for esterase determinations are given in the text. 


Determination of Acetylcholine 

Determinations of total ACh were carried out in duplicate with pooled 
samples of 30 heads and 30 thoraces of houseflies. The method of Lewis and 
Smallman (15) as modified by Colhoun and Gilleberg (16) was used. The tissues 
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were placed for 1 minute in a beaker containing 5 ml of boiling HCl-acidified 
frog Ringer’s solution, pH 3.9. After cooling, the whole content of the beaker 
was transferred to a small glass homogenizer and homogenized for 1 minute. 
The homogenate was centrifuged at 4000 r.p.m. for 3 minutes. The supernatant 
was decanted and the residue resuspended in acidified frog Ringer’s solution and 
again centrifuged. The combined supernatants were brought to pH 6.0 by the 
addition, with constant stirring, of 0.3 N NaOH. The volume was made up to 
10 ml with frog Ringer’s solution and divided into two 5-ml aliquots. One of 
these was brought to pH 11 with 0.3 N NaOH to destroy ACh, and after 
15 minutes neutralized with 0.3 N HCl. This aliquot was termed the “blank’’. 

For the assay of ACh the eserinized frog rectus abdominis muscle was used. 
The muscle was kept in aerated NaHCO;-buffered frog Ringer’s solution, 
containing 5 mg of eserine per liter. The ACh content of an extract was deter- 
mined by comparing the contraction of the muscle upon addition of a measured 
volume of the extract with the contraction caused by the addition of an equal 
volume of the ‘“blank’’ to which a known amount of ACh had been added. 
ACh values were expressed in terms of acetylcholine bromide. 

The frog Ringer’s solution used in the extraction procedure contained 7 g of 
NaCl, 0.14 g of KCl, and 0.12 g of CaCl. per liter of distilled water. The 
buffered Ringer’s solution used in the ACh assay contained in addition to these 
constituents sufficient NaHCOQ; to give a pH of 7.3. 


Results 


The Effect of Sublethal Doses of TEPP upon Acetylcholinesterase Activity in vivo 

A study was made of the toxicity of 0.10 wg of TEPP topically applied to 
female houseflies. The results showed that this toxicity was variable. After 
1 hour 65% of the flies had become prostrate; the remaining 35% were still 
capable of co-ordinated movements. At 3 hours after treatment 46% of the 
prostrate flies had recovered. The final observed mortality after 24 hours was 
30% of the flies treated. These observations showed that a number of flies 
treated with 0.10 ug of TEPP exhibited sublethal symptoms of TEPP-poisoning, 
in a manner similar to that described by Smallman and Fisher (2). These 
authors also demonstrated that the AChE of flies treated with a sublethal dose 
of TEPP was completely inhibited at the time of prostration. The enzyme 
recovered approximately 60% of its activity in the next 3 hours, coincident 
with the recovery of the flies from prostration. The rate of recovery of inhibited, 
i.e., phosphorylated enzyme seemed surprisingly rapid when compared with 
dephosphorylation rates reported for AChE in the American cockroach (17) 
and the rat (18). This created some doubt as to the validity of the initial 
inhibition values found by Smallman and Fisher (2). It is known that in vitro 
inhibition by excess inhibitor present in the tissues which are homogenized 
can obscure the true degree of in vivo AChE inhibition (Colhoun (4)). Van 
Asperen (10) showed that in homogenates of flies treated with DDVP this 
effect could largely be overcome when the homogenates were prepared in the 
presence of added ACh, which apparently protects the enzyme against inhibi- 
tion. The protection of human erythrocyte AChE by ACh against inhibition 
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by TEPP was demonstrated by Burgen (19). 

The following experiment was carried out in order to check with TEPP- 
treated flies the possibility of in vitro AChE inhibition by excess inhibitor 
during and after homogenization (Table 1). Homogenates were prepared from 


TABLE I 


Estimation of the in vivo inhibition of acetylcholinesterase in homogenates 
of heads of houseflies, prepared 30 minutes after 
topical treatment with 0.1 wg of TEPP per fly 








Acetylcholinesterase activity * 











Homogenates in saline Homogenates in saline/ACh 
Source of enzyme bso % inhibition bso % inhibition 
A. Control flies 59 — 59 _- 
(two heads) 
B. Treated flies 15 75 45 24 
(two heads) 
C. Control one head + 28 24t 51 2t 


treated one head 





*Substrate: acetylcholine at 1.7x10-? M. Each figure represents the average of two separate determinations. 
tActivity A + activity B 100% 
2 or 





heads of flies 30 minutes after treatment with 0.10 «zg of TEPP per fly. The 
medium used contained 8.65 g of NaCl, 0.23 g of KCI, and 0.34 g of CaCle per 
liter, without or with added ACh to a concentration of 2.1%. Homogenates 
from heads of untreated flies served as controls. The degree of AChE inhibition 
found in homogenates prepared in the presence of added ACh was only one-third 
of that observed in homogenates prepared in the absence of ACh. Obviously 
the latter high inhibition was caused by the presence of excess TEPP, as is 
illustrated by the experiment in which AChE was determined in a mixture of 
equal parts of treated and control homogenates. Thus, it seems clear that after 
treatment with TEPP, an excess of this inhibitor can be present in the material 
to be investigated. Also, it is evident that this does not necessarily mean 
interference with the estimation of the in vivo AChE activity, provided the 
substrate-protection technique is used. This follows from the finding that in 
the mixture of homogenates prepared in the presence of added ACh, no appreci- 
able inhibition was found. Therefore, this technique was adopted to determine 
AChE inhibition in the flies treated with 0.10 ug of TEPP, as mentioned in the 
beginning of this section. 

The TEPP-treated flies were divided into three categories: 
(1) flies which were prostrate and remained so for the duration of the experi- 

ment (19 hours) ; 
(2) flies which had become prostrate but recovered between 1 and 3 hours after 
the application of TEPP; 

(3) flies which did not become prostrate at any time during the experiment. 

At chosen intervals samples were taken from each group of insects, and 
AChE inhibition determined in the pooled thoraces. In insects co-ordinated 
locomotion is largely independent of the brain and is controlled mostly by the 
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thoracic nervous centers. Therefore, it was felt desirable to examine the AChE 
inhibition in the thoraces. To enable a comparison with previous work AChE 
determinations were also carried out with heads of treated flies. The results of 
this experiment are given in Fig. 1. 
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Fic. 1. Acetylcholinesterase inhibition in heads and thoraces of houseflies treated with 
0.10 ug of TEPP. 

© Course of enzyme inhibition in flies remaining prostrate. @ Course of enzyme 
inhibition in flies recovered from prostration 2—3 hours after treatment. X Course of enzyme 
inhibition in flies which did not become prostrate. 

Inhibition percentages are based on zero inhibition values found in untreated controls. 


It should be noted that the inhibition of AChE at the time of prostration was 
low as compared with the inhibition found by Smallman and Fisher (2). Van 
Asperen (10) also found a low inhibition of AChE at the time of prostration in 
flies treated with DDVP, but showed that at the same time the AliE hydrolyz- 
ing methylbutyrate was inhibited to a large degree. This finding stimulated 
the investigation of the effect of TEPP upon the in vivo AIliE activity. 


The Effect of TEPP upon Ali-esterase Activity in vivo 

Van Asperen (10) used methylbutyrate as substrate for determining the 
activity of AliE in the housefly. Accordingly, experiments were carried out 
with this substrate to determine the level of AliE inhibition in flies treated 
topically with 0.10 wg of TEPP. The procedure followed was essentially the 
same as that used for the determination of AChE activity in TEPP-treated 
flies. Methylbutyrate was incorporated into the homogenization medium so as 
to give a final concentration of 10-? M. Flies were collected as soon as they 
had become prostrate. Their thoraces were pooled and homogenized and AliE 
and AChE activities were determined in the homogenates and in comparable 
homogenates of control flies. Similar determinations were performed 20 hours 
later with flies which had recovered from the treatment. The results are pre- 
sented in Table II. 

These observations, especially the high inhibition of AliE remaining after 
recovery of the flies, created some doubt as to the importance of AliE inhibition 
in TEPP poisoning. Therefore, it was decided to make a more detailed study 
of the esterases in the housefly, with special reference to the possible physio- 
logical effects of inhibition of AliE. 
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TABLE II 


In vivo acetylcholinesterase and ali-esterase activity in houseflies 
after topical treatment with 0.1 ug of TEPP 








Esterase activ ity* 

















Ac etyle holine esterase t Ali -esteraset 
Source of enzyme b30 % inhibition bso Zo inhibition 
Control flies, two thoraces 29 — 162 _ 
Treated flies, 1 hr after treatment, 16 45 5 97 
two thoraces 
Treated flies, recovered, 20 hr after 22 25 37 77 


treatment, two thoraces 








*Each figure represents the average of two separate determinations. 
tSubstrate: acetylcholine at 1.7107? M. 
tSubstrate: methylbutyrate at 107? M. 


The Occurrence and Distribution of Esterases in the Housefly 

The different sensitivity of esterases to carbamates on one hand and organo- 
phosphorus compounds on the other has been used by Mounter and Whittaker 
(20) as a means of classifying these enzymes. A distinction was made between 
cholinesterases (sensitive to both types of inhibitors), ali-esterases (sensitive 
to organophosphorus compounds only), and aromatic esterases (insensitive to 
either type of compound). On the basis of this principle, the occurrence of the 
different esterases in homogenates of heads, thoraces, and abdomens of house- 
flies was investigated. ACh, ethylbutyrate, phenylacetate, and triacetin were 
used as substrates. Eserine and TEPP were used as inhibitors. 

The determination of the hydrolysis of ACh was carried out by the use of 
homogenates prepared with saline. These were placed in the main compartment 
of the Warburg flasks and ACh was added from the side-arm to start the 
reaction. The hydrolysis of triacetin was determined in the same way. The 
substrate was dissolved in water to give a final concentration in the reaction 
mixture of 10-? M. For the measurement of ethylbutyrate hydrolysis the 
procedure was slightly different. Because of the low solubility of this ester in 
water it was dissolved in 50% ethanol. In order to minimize the ethanol 
concentration in the reaction mixture only 0.1 ml of substrate solution was used 
so as to give a final concentration of 1.7X10-? M ethylbutyrate. To prevent 
undue evaporation of the substrate during gassing of the flasks, the substrate 
solution was placed in the stoppered side-arm of a double-arm Warburg flask. 
Phenylacetate has an even lower solubility in water than ethylbutyrate. 
Therefore, the method used by Metcalf ef al. (9) for the determination of 
phenylacetate hydrolysis was adopted. The ester was dissolved in dioxane 
and 0.2 ml of this solution was placed in the main compartment of a standard 
Warburg flask together with 2 ml of the NaHCO;-salts solution and 0.1 ml of 
16% dioxane. The final phenylacetate concentration was 10-? M. The homo- 
genate was placed in the side-arm. The inhibitors were added to the flasks, 
which were then attached to the manometers, placed in the water bath, and 
gassed. The reaction was started 1 hour after the addition of the inhibitors. 

Figure 2 shows the effect of various concentrations of eserine and of TEPP 
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upon the enzymatic hydrolysis of the above-mentioned substrates. From these 
results it was concluded that ACh was hydrolyzed only by AChE (cf. Augustins- 
son (21)), ethylbutyrate only by AliE, and phenylacetate and triacetin by 
AChE and AIiE. The latter two substrates could also be hydrolyzed by aroma- 
tic esterases, which are known to occur in the housefly (9). 
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Fic. 2. The effect of eserine and TEPP upon the enzymatic hydrolysis of various 


esters by housefly homogenates. pI = — log concentration of inhibitor. The various sub- 
strates were used at 10-? M. 


O Hydrolysis in the presence of eserine. @ Hydrolysis in the presence of TEPP. 


Percentage hydrolysis was calculated on the basis of 100% hydrolysis in the absence of 
inhibitor. 


The distribution of the different esterases in the housefly was studied with 
homogenates of heads, thoraces, and abdomens. Again, ACh, ethylbutyrate, 
phenylacetate, and triacetin were used as substrates. Eserine at 10-5 M and 
TEPP at 10~* M were used for differential inhibition. The results are presented 
in Table III. 

The distribution of AChE was as expected in view of the occurrence of 
ganglia of the central nervous system in the housefly. These are found only in 
the head and in the thorax. The distribution of AliE and of aromatic esterase 
was found to be the reverse of that of AChE. This suggested that the former 
esterases were mainly located outside the central nervous system. A determina- 
tion of AliE and AChE in isolated thoracic ganglia showed that only 4% of 
the total thoracic AliE was found in the ganglion, as compared to 91% of the 
AChE. 

Next, experiments were carried out in order to determine the number of 
AIiE’s involved in the hydrolysis of ethylbutyrate, phenylacetate, and triacetin. 
For this purpose the AIiE activity with the individual substrates, as determined 
by using eserine and TEPP as differential inhibitors, was compared with the 
activity found with mixed substrates. The pertinent data are summarized in 
Table IV. The results showed that with none of the combinations of substrates 
used were the activities additive. Thus it appeared that only one AliE was 
involved in the hydrolysis of the three esters mentioned. 

Using ethylbutyrate as substrate, the in vitro sensitivity of the AliE towards 
TEPP and TOCP was studied. Figure 2 already showed the sensitivity towards 
TEPP. The concentration of TEPP required to bring about 50% inhibition 
of AliE was 1.310-* M. For the inhibition of AChE the same value was found 
and this result was in good agreement with that reported by Wolfe and Thorn 
(22). Mendel and Myers (23) demonstrated that TOCP acted as a selective 
inhibitor of mammalian serum AliE. It seemed worth while to investigate 
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TABLE IV 


Hydrolysis of different substrates by housefly ali-esterase 








Ali-esterase activityT 





Expt. No. Source of enzyme Substrates* bso 
1 One whole fly Methylbutyrate 220 
Ethylbutyrate 246 

Methyl- + ethyl-butyrate 240 

2t One thorax Ethylbutyrate 19 
Phenylacetate 12 

Ethylbutyrate + phenylacetate 19 

3t One abdomen Phenylacetate 16 
Triacetin 2 

Phenylacetate + triacetin 14 


*Total substrate concentration: 10-2 M. ‘ are 
tEach figure represents the average of two duplicate determinations. 
tEsterase activity was determined in the presence of 8% dioxane. 








whether this compound possibly also had a selective inhibitory effect upon 
housefly AliE. The hydrolysis of ethylbutyrate by a homogenate of thoraces of 
houseflies was measured after 1 hour incubation with TOCP at different 
concentrations. For comparison the effect of similar concentrations of TOCP 
upon the hydrolysis of ACh by a homogenate of heads of flies was deter- 
mined. Table V shows the experimental results. The concentration of TOCP 
TABLE V 
The effect of TEPP and TOCP upon housefly esterases in vitro 




















Acetylcholinesterase t Ali-esterase ft 
(three heads) (one thorax) 
Inhibitor 
concentration, *M b30 © inhibition bso © inhibition 

TEPP 0 89 132 — 
10-1 81 9 118 11 
3.3107" 70 21 109 18 
10-9 52 42 78 41 
3.31079 15 83 10 92 
10-8 1 99 2 98 
3.31078 0 100 0 100 
10-7 0 100 0 . 100 

TOCP 0 102 _— 66 - 
10-7 - 65 2 
10-6 _ - 63 5 
10-5 104 0 55 20 
3.21075 — — 30 55 
10-4 105 0 9 86 








*The enzyme preparations (homogenates) were incubated with the inhibitors for 1 hour at 25° C. Substrates used: 
acetylcholine and ethylbutyrate at 1.7107? M. TOCP at 10 M was only partly dissolved in the aqueous medium. 
tEach figure represents the average of two determinations. 





required to give 50% AIiE inhibition was calculated as 2.5X10-> M. At a 
concentration of 10-* M TOCP (saturated solution in equilibrium with 
suspension) the AliE was inhibited 86%. Under these conditions, however, 
AChE was not affected. Thus TOCP was shown to selectively inhibit the 
housefly AliE, which hydrolyzes ethylbutyrate. 


The Effect of TOCP upon Ali-esterase and Acetylcholinesterase Activity in vivo 
Experiments were carried out in order to establish whether TOCP was also 
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selectively inhibitory in vivo towards AIliE in the housefly. It was thought 
that if this were so, it might elucidate the role of AliE inhibition in TEPP 
poisoning. 

Upon determining the AliE activity in homogenates of whole flies which had 
been treated with TOCP, a difficulty arose in that it was not possible to use the 
device of substrate protection to avoid the occurrence of inhibition during and 
after homogenization. As was shown in Table III,. the activity of AliE per 
fly was very high. Therefore, the effect of the presence of excess TOCP during 
homogenization was easily overcome by increasing the amount of medium, 
thereby diluting the homogenate. Thus the concentration of inhibitor was 
lowered to a level which caused no in vitro inhibition of the AliE in the homo- 
genates. In all experiments this was checked by mixing a part of each homo- 
genate with a homogenate obtained from normal flies and determining the 
AliE activity of the mixture. 

Flies were treated with varying amounts of TOCP, either by injection or by 
topical application. After a given time the whole insects were homogenized 
in a volume of saline so as to give a homogenate containing the equivalent of 
one-half of a fly per milliliter. AliE and AChE activities were determined with 
0.5- to 1.0-ml aliquots respectively, using ethylbutyrate and ACh as substrates. 
The results of these experiments are shown in Table VI. It appeared that TOCP 


TABLE VI 
The effect of TOCP upon housefly esterases in vivo 














Esterase inhibition after 2 hr* Esterase inhibition after 24 hr* 














TOCP a on TOCP — — 

injected AChE AliEt topically AChEt AliEf 
(ug) (%) (%) (ug) (%) (%) 
10 0 32 10 0 22 
15 21 67 30 0 36 
20 11 78 60 0 63 
80 0 70 

90 0 88§ 
100 0 100 
200 0 100 


*Each figure represents the average of two separate determinations on 30 flies. 
tSubstrate: acetylcholine 1.7K 10-? M. 

tSubstrate: ethylbutyrate 10-? M. 

§$Average of 10 determinations. 











selectively inhibited the in vivo AliE activity, without affecting the activity 
of AChE. Of utmost importance was the fact that even when the AliE was 
completely inhibited, no symptoms of poisoning were observed. However, 
when these flies were treated with TEPP at 0.10 yg per fly, the insects developed 
tvpical symptoms of poisoning. Determination of the AChE activity at the 
time of prostration showed that this enzyme had become inhibited too. The 
pattern of esterase inhibition in these flies, treated with TOCP and 24 hours 
afterwards with TEPP, was not different from that found in flies prostrate 
after treatment with TEPP only and shown in Table II. There was, however, 
a distinct difference in the rate at which the symptoms developed. In the flies 
which had been pretreated with TOCP the rate of prostration by TEPP was 
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usually slower than in the controls. Also, the mortality after 24 hours tended 
to be lower in the pretreated flies. 


Acetylcholine Levels in Houseflies Treated with TEPP and TOCP 

Smallman and Fisher (2) found a correlation between the inhibition of AChE 
and the accumulation of ACh in houseflies treated with TEPP. Should such 
a correlation exist, then in flies treated with TOCP so as to inhibit AliE only, 
no accumulation of ACh should be found. Subsequent treatment of these flies 
with TEPP should result in an increase in the level of ACh. 

Houseflies were treated topically with a dose of TOCP, previously determined 
to bring about complete inhibition of AliE without affecting AChE. Twenty- 
four hours later the insects were treated with a sublethal dose of TEPP. 
Control flies were treated with TEPP only. After 4 hours total ACh was 
determined in samples of 30 heads and thoraces as described under ‘‘methods’’. 
Since it was likely that any TOCP or TEPP present in the tissues was destroyed 
during preparation of the “blank’’, the effect of added TOCP and TEPP, in 
concentrations likely to be present in the extracts, was studied. No effect of 
these substances upon the contraction of the frog’s rectus abdominis muscles 
was found. 

The results, presented in Table VII, show the levels of total ACh found in 
the heads and thoraces before and after application of 0.20 ug of TEPP per fly. 
As predicted, no increase in ACh was found in the flies treated with 100 ug of 


TABLE VII 
The effect of TEPP and TOCP upon the level of total acetylcholine in the housefly 








Acetylcholine (ug per 30 flies) 


TOCP-treated 
Number of 24 hr after Number of 











TEPP treatment Controls determinations 100 ug/fly determinations 
None 3.1+0.08 7 2.8+0.10 6 
4 hr after 0.2 ug per fly 4.2+0.27* 4 3.1+0.21f 4 





*91% prostrate. 
+77% prostrate. 


TOCP per fly only. Surprisingly, a significantly lower amount of ACh was 
found in these flies when compared to the level of ACh in untreated insects. 
Treatment of the TOCP-treated flies with TEPP resulted in an increase in 
ACh. However, this increase was significantly lower than that found in the 
flies which were treated with TEPP only. 


Discussion 


The results of the present study strongly suggest that the toxic effect of 
TEPP upon the housefly is primarily due to the inhibition of AChE. Like 
DDVP, TEPP brings about also a high degree of inhibition of AliE. However, 
the absence of symptoms of poisoning when the AIiE is selectively inhibited by 
TOCP seems to exclude the possibility that AliE inhibition is of direct impor- 
tance in TEPP poisoning in particular, and in organophosphorus poisoning in 
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general. Thus, the suggestions made by Lord and Potter (7), Hopf (8), Hopf 
and Taylor (24), and Van Asperen (10), viz. that inhibition of phenylesterase or 
AIiE might be of greater importance than inhibition of AChE in poisoning with 
organophosphorus insecticides, seem to be untenable. 

According to various authors AChE is present in large excess in nervous 
tissues and therefore toxic effects are not obtained below 80% inhibition of 
the enzyme (25, 26, 27). In the present work, however, it could be shown 
that the degree of AChE inhibition needed to cause prostration in the housefly 
was much lower. If the assumption is correct that the inhibition of AChE in the 
thoracic region of an insect is of major importance in disturbances of co- 
ordinated locomotion, the critical level of AChE inhibition in the housefly would 
appear to be approximately 50% (Fig. 1). However, it should be borne in mind 
that the inhibition values reported refer only to over-all inhibition. It seems 
possible that at critical sites in the nervous system, e.g., the synapses, the 
inhibition of AChE was much higher than the over-all percentage which was 
determined. There is no experimental evidence to support this hypothesis, but 
it offers an explanation for several seeming discrepancies. Thus it could explain 
the observation, also shown in Fig. 1, that previously prostrate flies recovered 
their mobility at a time when the inhibition of AChE was still increasing or at 
least remaining constant. Colhoun (28) showed that in the insect nervous 
system AChE is found in both synaptic and non-synaptic regions. There are 
strong reasons to assume that AChE exerts its function only at the synapses 
and neuromuscular junctions (see, e.g., Del Castillo and Katz (29)). When the 
over-all AChE inhibition is determined, this includes both ‘‘functional’’ and 
“non-functional” AChE, whose inhibition rates could well be very different. 
Repletion of inhibited synaptic AChE by non-inhibited enzyme from other 
parts of the nervous system could explain the recovery of the animals, whereas 
gradually increasing inhibition of non-synaptic AChE might account for the 
observed increase in over-all inhibition. 

As was expected, accumulation of ACh occurred only when the AChE was 
inhibited, i.e., when the flies had been treated with TEPP. The finding, how- 
ever, that the degree of ACh accumulation was significantly lower in the flies 
which had been pretreated with TOCP before the application of TEPP indi- 
cated that the relation between AChE inhibition and ACh accumulation is not 
a simple one. 

The lower degree of ACh accumulation in houseflies treated with TOCP plus 
TEPP seemed to coincide with a slower rate of prostration and a lowered mor- 
tality, although it should be stated that the data obtained are at present 
insufficient to warrant any definite conclusion. The surprising fact remains that 
TOCP/TEPP treated flies do become prostrate at ACh levels which are not 
different from those found in the untreated controls (Table VII). One would 
tend to question the validity of determining the levels of total ACh, as has been 
done in the present work. It seems highly probable that it is in fact the level of 
free ACh which determines the occurrence of symptoms. Therefore, experi- 
ments are in progress now to establish the effect of TEPP and TOCP on the 
levels of free and bound ACh. 
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As to the question of how TOCP interferes with the accumulation of ACh, 
an explanation is not readily given. The data from Table VII would suggest 
that TOCP affected the synthesis of ACh. Whether the effect of TOCP upon 
ACh content and accumulation bears any relation whatsoever to its inhibitory 
effect upon AIiE is also unknown. Of possible interest in this respect is the 
discovery made by Van Asperen and Oppenoorth (30) that in strains of house- 
flies which were resistant to parathion and diazinon the level of AliE activity 
was invariably lower than in susceptible strains. On the other hand, the observ- 
ation that the AIliE is located mainly outside the nervous system makes a direct 
relation less likely. A major difficulty is that the physiological function of the 
AliE is still obscure. Both the results obtained by Van Asperen and Oppenoorth 
(30) and those presented in this paper may constitute a step towards the 
ultimate elucidation of this problem. 

For the present it seems justifiable to conclude that the inhibition of AChE 
is the major biochemical lesion in poisoning of the housefly with TEPP and 
that the symptoms are caused by the resulting accumulation of ACh. Inhibition 
of AIiE is not directly involved but, at least in the case of the housefly poisoned 
with TEPP, seems to counteract to a certain extent the effect of the AChE 
inhibition. | 


Acknowledgments 


The author is greatly indebted to Dr. E. H. Colhoun for suggesting the 
problem and for his stimulating interest and helpful criticism throughout the 
present study. The technical assistance by Mrs. Anne Evans, Miss Sylva 
Bushila, and Mrs. Jill Gilleberg was highly appreciated. The author expresses 
his thanks to the National Research Council of Canada for the award of the 
Postdoctorate Fellowship. An additional grant, awarded by the Uytenboo- 
gaart-Eliasen Stichting of the Dutch Entomological Society, is gratefully 
acknowledged. 


References 


F. P. W. WINTERINGHAM and S. W. Lewis. Ann. Rev. Entomol. 4, 303-318 (1959). 

B. N. SMALLMAN and R. W. FisHer. Can. J. Biochem. and Physiol. 36, 575-586 (1958). 

E. H. Cotnoun. J. Insect Physiol. 2, 111-127 (1958). 

E. H. Cotnoun. Can. J. Biochem. and Physiol. 37, 259-272 (1959). 

B. M. Twaroc and K. D. RoEpER. Ann. Entomol. Soc. Am. 50, 231-237 (1957). 

. A. HaRLow. Ann. Appl. Biol. 46, 55-73 (1958). 

K. A. Lorp and C. Potrer. Ann. Appl. Biol. 38, 495-507 (1951). 

H. S. Hopr. Ann. Appl. Biol. 41, 248-260 (1954). 

R. L. Metcatr, M. G. Maxon, T. R. Fukuto, and R. B. Marcn. Ann. Entomol. Soc. 
Am. 49, 174-179 (1956). 

10. K. VAN AsSPEREN. Nature (London), 181, 355-356 (1958). 

11. D. SteGwee. Nature (London), 184, 1253-1254 (1959). 

12. R. W. FisHER and F. Jursic. Can. Entomologist, 90, 1-7 (1958). 

13. S. A. HALL and M. Jacosson. Ind. Eng. Chem. 40, 694-699 (1948). 

14. W. N. AtpripGe, W. K. Berry, and D. R. Davies. Nature (London), 164, 925 (1949). 

15. S. E. Lewis and B. N. SMALLMAN. J. Physiol. 134, 241-256 (1956). 

16. E. H. CoLnoun and J. GILLEBERG. In preparation. 

17. W. F. CHAMBERLAIN and W. M. Hoskins. J. Econ. Entomol. 44, 177-184 (1951). 

N. Davison. Biochem. J. 54, 583-590 (1953). 

S. V. BurGcEN. Brit. J. Pharmacol. 4, 219-224 (1949). 

A. MountTeER and V. P. WHITTAKER. Biochem. J. 54, 551-559 (1953). 

B. AuGustinsson. Acta Chem. Scand. 13, 1081-1096 (1959). 

S. WoLFE and G. D. THorn. Can. J. Biochem. and Physiol. 36, 146-152 (1958). 


PeMA hry rr 
_ 
-) 


to 
Neo 
rAr SS 











14 


30 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 38, 1960 


. B. MENDEL and D. K. Myers. Biochem. J. 53, xvi (1953). 

. H. S. Hopr and R. T. Taytor. Nature (London), 182, 1381-1382 (1958). 

. D. NACHMANSOHN, M. ROTHENBERG, and E. FELp. J. Biol. Chem. 174, 247-256 (1948). 
. D. NACHMANSOHN and I. WiLson. Advances in Enzymol. 12, 259-339 (1951). 

. I. Witson and M. Couen. Biochim. et Biophys. Acta, 11, 147-155 (1953). 

. E. H. Cotnoun. Can. J. Biochem. and Physiol. 37, 1127-1134 (1959). 

. J. Det CAsTILLo and B. Katz. Progr. in Biophys. and Biophys. Chem. 6, 121-170 (1956). 
. K. VAN ASPEREN and F. J. OPPENooRTH. Entomol. exptl. et appl. 2, 48-57 (1959). 














1431 


LACTIC ACID METABOLISM OF THE SUBMAXILLARY 
GLAND OF THE CAT! 


B. C. R. StTROMBLAD 


Abstract 


The decrease in oxygen uptake earlier found in the submaxillary gland of the 
cat after previous section of the chorda tympani is not associated with an in- 
creased lactic acid output. The differences in oxygen uptake found with different 
secretory rates from the normal gland are, at least partly, compensated for by 
an increase in lactic acid formation. At high concentrations of lactic acid in the 
blood the gland can metabolize lactic acid. 


Previous work on the lactic acid metabolism of the submaxillary gland of 
the dog and cat has generally shown that an increased output of lactic acid from 
the gland accompanies secretion (4, 5, 8, 13, 14). It has therefore been con- 
cluded that lactic acid formation can furnish energy for secretion. 

Some time after section of the chorda tympani the oxygen consumption of 
the gland both in the resting condition and during maximal stimulation by 
drugs is decreased (10, 11). This decreased oxidative metabolism could be 
compensated for by an increased anaerobic production of energy. The effect 
of section of the chorda tympani on lactic acid production in the gland has 
therefore been investigated. 


Methods 


Cats were used for the experiments. The right chorda tympani was cut, 
while the animals were under ether anaesthesia, 3 weeks before the experiment. 

The animals were anaesthetized with chloralose after preliminary ether 
anaesthesia. The salivary ducts of the submaxillary glands were cannulated 
with glass cannulae which gave 40 drops/ml distilled water. The venous outflow 
from the gland was collected from a cannula in the external jugular vein; 
branches other than those from the gland were tied. The blood was collected 
in graduated cylinders and the time noted. Arterial blood samples, taken in 
the middle of the period of venous sampling, were withdrawn via a cannula in 
the femoral artery. Heparin was administered to prevent clotting. When the 
glands were stimulated, the sampling was begun not earlier than 2 minutes 
after the stimulus was applied, i.e. when a steady state could be expected to 
be attained. The secretory nerves were stimulated at different frequencies 
with supramaximal stimuli. 

Estimation of lactic acid in saliva and in blood was carried out using a 
modification of the colorimetric method of Barker and Summerson (3) as 
described by Strém (9). All estimations were made in duplicate. 

Calculations 

The lactic acid output (or uptake) of the gland was calculated from the 

amounts present in the saliva, the arterial blood, and the venous outflow from 


‘Manuscript received June 2, 1960. ' 
Contribution from the Institute of Physiology, University of Lund, Sweden. 


Can. J. Biochem. Physiol. Vol. 38 (1960) 














1432 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 38, 1960 


the gland. When animals were in the resting state the volume of blood entering 
the gland was assumed to be the same as the measured volume leaving the 
gland. The volume of the lymph flow was disregarded. The error introduced 
thereby was considered to be very small since the lymph flow from the resting 
gland is less than 1% and in the secreting gland about 1% of the blood flow (1). 
In the gland secreting at a steady rate the volume of arterial blood entering 
the gland was expressed as the sum of the volume of venous blood and the 
volume of saliva. The latter volume was estimated by counting the number of 
drops of saliva falling from the cannula in the secretory duct. 


Results 

Resting Glands 

The lactic acid outputs from the resting intact submaxillary gland of the cat 
and from the gland with the chorda tympani cut previously were small. The 
mean value and standard error for 15 intact glands was 2+6 #g/minute and for 
four glands with the chorda cut was 18+ 14 ug/minute. 
Stimulation of Secretory Nerves 

Stimulation of the chorda tympani at 20 c/second was found to cause an 
increased output of lactic acid from the gland. The figures obtained in six cats 
are given in Table I. In the table the lactic acid concentration in saliva and in 


TABLE I 


Lactic acid output from the submaxillary gland on stimulation of the chorda tympani 














Lactic acid concentration in mg per 100 ml Lactic acid output in wg/min 
Arterial Venous Total from the gland 
Cat No. blood blood Saliva Saliva (including saliva) 
437 5.3 7.6 9.3 103 318 
623 : 7.3 8.0 56 1096 
745 pe 6.0 4.8 24 141 
695 7.0 11.6 14.4 65 335 
679 6.0 11.2 15.1 83 423 
617 3.7 11.0 9.8 59 589 
Mean 
value 5.0 10.8 10.2 65 484 





arterial and venous blood is also given. The concentrations in venous blood and 
saliva were very similar; in three of the cats the value for venous blood was the 
higher, while in the other three the reverse was true. The arterial concentration 
was always below that in venous blood and saliva. 

In some experiments lower frequencies were used in order to get a lower rate 
of secretion. At low secretory rates there was little or no lactic acid in the 
saliva (Fig. 1) and the total output of lactic acid was not higher than at rest. 
On increasing the rate both the concentration in the saliva (Fig. 1) and the 
total output increased (Fig. 2). 

Stimulation of the sympathetic nerve, at 20 c/second, also caused an increase 
in lactic acid production, although the increase was of a lower degree than that 
obtained on stimulation of the chorda. In four cats a mean value of 51+7 pg/ 
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Fic. 1. Lactic acid concentration in saliva expressed in yg/drop (ordinate) at different 
secretory rates (drops/minute) plotted on the abscissa. Crosses: stimulation of the chorda 
(six cases). The values for a single animal are connected. Open rings: stimulation of the 
sympathetic (four cases). 
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Fic. 2. Lactic acid output in wg/minute (ordinate) plotted against the secretory rate 
expressed as drops/minute (abscissa) on stimulation of the chorda tympani. The inserted 
figure is a magnification of a part of the main figure and shows also the values obtained 
with stimulation of the sympathetic in four cases (open rings). 
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minute was found. In these cases also the sampling was begun 2 minutes after 
stimulation had started. The secretory rate was therefore low; it is well known 
that in most cats the secretion on stimulation of the sympathetic rapidly 
declines with time. However, the lactic acid production in relation to the 
secretory rate was high when compared with the figures for lactic acid produc- 
tion from stimulation of the chorda that gave the same secretory rate (Fig. 2). 
A marked difference between stimulation of the sympathetic and of the chorda 
was also found when the lactic acid concentration in the saliva was compared at 
low secretory rates (Fig. 1). 


Atropine 

A dose of atropine which abolishes submaxillary secretion completely does 
not prevent an increase in oxygen consumption on stimulation of the chorda 
(2, 11, 12). It was thought of interest to determine if atropine could block the 
effect of stimulation of the chorda tympani on lactic acid metabolism. In six 
experiments atropine was given in small doses until the secretory effect of 
stimulation of the chorda was lost (0.25—0.40 mg of atropine i.v. was needed). 
No change caused by atropine in the lactic acid metabolism in the resting 
gland was found (5+4 y#g/minute of lactic acid produced). 

On stimulation of the chorda an increased output was found in three of the 
cats while in the other three cats an uptake of lactic acid was found. Thus the 
stimulation after atropine did not seem to have any effect on lactic acid meta- 
bolism. 


Increased Arterial Lactic Acid Concentration 

In three cats the arterial lactic acid concentration was increased by infusing 
sodium lactate intravenously. The resting lactic acid metabolism in the gland 
was not significantly changed. In two of these cats there was an output of 
19 and 13 uzg/minute, respectively, while for the third cat there was an uptake 
of 64g/minute. A great difference from cats not given lactic acid was, however, 
noted when the chorda was stimulated. Instead of an output of lactic acid 
there was now a considerable uptake as can be seen in Table II, which also 


TABLE II 


Lactic acid metabolism in the submaxillary gland on stimulation of the chorda tympani. 
Raised arterial lactic acid concentration 




















Lactic acid concentration Lactic acid uptike 
in mg per 100 ml Lactic acid in the gland 
———— output in saliva in ywg/min (saliva 
Cat No. Arterial blood Venous blood = Saliva in wg/min not included) 
768 43.5 36.0 17.3 147 900 
695 75.0 66.5 44.4 200 650 
734 73.2 62.6 59.8 269 391 





shows the lactic acid concentrations of arterial and venous blood and of saliva. 
The concentration in arterial blood was higher than in the venous blood, in 
which, in turn, the concentration was higher than that in the saliva. 


Effect of Previous Section of the Chorda Tympani 
In four cats with the chorda cut 3 weeks earlier the output of lactic acid in 











STROMBLAD: LACTIC ACID METABOLISM 1435 


the resting state and during maximal rate of salivary secretion was estimated. 
The values found in the resting state have already been given. An intense 
stimulation in these cases was attained by injections of pilocarpine (20 yg) via 
the secretory ducts according to the technique described earlier by Emmelin, 
Muren, and Strémblad (7). By giving the drug via the duct the systemic 
effects of pilocarpine were, to a great extent, avoided. In Table III it can be 
seen that the total output of lactic acid from the glands, and also the output in 
saliva, was greater from the normally innervated gland than from its contra- 
lateral gland with the chorda cut. 


TABLE Ill 


Lactic acid output in ug/minute from the denervated and normally innervated 
submaxillary gland on stimulation with pilocarpine 

















Chorda tympani Normally innervated Denervated in % of 
cut 3 weeks earlier glands normally innervated 
Total from the Total from the Total from the 
gland (saliva gland (saliva gland (saliva) 
Cat No. Saliva included) Saliva included) Saliva included) 
651 164 323 260 650 63 50 
623 158 273 248 388 64 70 
624 180 422 300 1078 60 39 
581 203 448 377 772 54 58 
Mean 
value 176 367 296 722 60 54 
Discussion 


The present experiments show that the decreased oxidative metabolism of 
the submaxillary gland induced by section of its nerve (10, 11) is not met by 
increased lactic acid production either in resting or in stimulated tissue. On 
the other hand, the differences in oxygen consumption found for the normally 
innervated gland at different types of nerve stimulation (11) were counteracted 
by changes in lactic acid production. At high secretory rates less oxygen was 
consumed per volume of saliva secreted than at low rates, while the reverse was 
true for lactic acid output. Stimulation of the sympathetic caused less oxygen 
uptake, but greater lactic acid production thana stimulation of the chorda which 
gave a comparable secretory rate. 

Several observations indicate that the lactic acid mechanism is not used 
preferentially by the gland for energy supply during secretion, but seems to be 
used only when the demand for energy is high and when the oxidative meta- 
bolism is insufficient. The lactic acid output was not increased at low secretory 
rates. Stimulation of the chorda did not cause an increase in lactic acid pro- 
duction comparable to that which occurred after administration of pilocarpine. 
This difference has also been noted by previous workers (13, 14) and attributed 
to less vasodilatation after pilocarpine than after stimulation of the chorda 
tympani. Stimulation of the sympathetic caused an increase in lactic acid 
output also at low secretory rates, presumably because of insufficient oxygen 
supply due to vasoconstriction. The low secretory rate obtainable during 
prolonged stimulation of the sympathetic does, however, not seem to be due 














1436 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 38, 1960 


to lack of energy since the lactic acid output was much less than that obtainable 
on stimulation of the chorda. This seems true even if it is assumed that stimula- 
tion of the sympathetic does not excite all the secretory cells. 

The results obtained in the experiments with atropine seem to tally with the 
assumption that lactic acid formation is used for energy only when the oxidative 
energy supply is insufficient, since no change in lactic acid output accompanies 
the stimulation of the chorda after atropine. There is, under these conditions, 
only a small increase in the oxygen demand. 

The experiments in which the lactic acid content of the blood was increased 
showed that lactic acid can be metabolized by the gland. This conclusion is 
consistent with the results of Deutsch and Raper (6) obtained in experiments 
in vitro; lactate could maintain the oxidative metabolism in both resting and 
stimulated submaxillary tissue. 
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PROTEINS IN FISH MUSCLE 


16. ADENOSINETRIPHOSPHATASE ACTIVITY OF 
COD MYOSIN AND ACTOMYOSIN! 


J. R. DINGLE AnD J. A. HINEs 


Abstract 


The adenosinetriphosphatase (ATPase) activities of actomyosin extracts of 
prerigor and postrigor cod muscle, and of myosins prepared from them by ultra- 
centrifugation in the presence of ATP, have been measured at ionic concentra- 
tion 0.1 and pH 7.3. The actomyosin ATPases were strongly activated by Mg**, 
while those of the myosins were suppressed by Mg**, in agreement with cor- 
responding rabbit skeletal muscle proteins. Ca*+ ion also moderately activated 
the actomyosin ATPases, but had little effect on the myosin ATPases. When 
actomyosin was precipitated by dilution in the presence of ATP and Mg**, the 
characteristic activation by Mgt* was lost. The myosin ATPases were very 


labile. 


Procedures for the direct extraction of myosin from mammalian tissue, such 
as the classical method of Szent-Gyérgyi (1) and its subsequent modifications, 
have not so far been successfully applied to fish muscle. A method due to 
A. G. Szent-Gyérgyi (2), based on the irreversible dissociation of actomyosin 
by potassium iodide, yielded a protein from cod muscle that appeared to be 
a modified myosin (3). Connell (4) reported the preparation of cod myosin by 
ultracentrifugation of a mixture of actomyosin and adenosinetriphosphate 
(ATP), following a method first used by Weber (5) for rabbit myosin. The 
sedimentation and diffusion characteristics of Connell’s preparation indicated 
that it was analogous to mammalian myosin. We have confirmed the success 
of this procedure, but further evidence of this analogy could be useful. We 
have investigated the ATPase activity of such preparations, and also that of 
so-called actomyosin extracts of both prerigor and postrigor cod muscle. 

It has been known for some time that both actomyosin and myosin from 
mammalian sources, principally rabbit, possess adenosinetriphosphatase 
activity (6). The enzymic activities of the two proteins differ, however, in 
the presence of magnesium or calcium ions at low ionic concentration (I/2) 
(7, 8, 9). For example, at [/2=0.10 or less, and pH 7.0, 10-* M MgCl, acti- 
vates actomyosin ATPase, but inhibits myosin ATPase. This difference in 
response to activators was used by Weber (5) to help identify her preparation 
of myosin. The results of the present investigation confirm that the material 
prepared by the ultracentrifugal procedure is analogous to mammalian 
myosin. Because of the great lability of cod myosin, already mentioned by 
Connell (4), it has not so far been feasible to carry out a thorough kinetic 
study of the enzyme reaction, and the present results must be regarded as 
hardly more than semiquantitative. 
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Materials 


Fillets cut from cod (Gadus callarias), obtained from the local inshore 
fishery, were used in the preparation of the protein extracts. The fish, which 
were of small to medium size (15 to 25 in.), were transported alive in small 
tanks to the laboratory, and unless used immediately, were held in a tank at 
approximately 2° C. The fish were either stunned, or anaesthetized with 
tricaine methanesulphonate (Sandoz Pharmaceuticals, MS 222), and filleted 
at once. Portions of fillets not used for immediate extractions were stored in 
covered beakers at 1° C. Extractions could thus be made on aliquots of the 
same fillet both before and after it had passed through rigor. 

Adenosine-5’-triphosphate was obtained as the crystalline disodium salt 
from Schwarz Bioresearch Inc. Tris(hydroxymethyl)aminomethane (‘‘Tris’’, 
Nutritional Biochemicals Inc.) was twice recrystallized from methanol (10) 
but the purification had no significant effect on the enzyme reaction, or on the 
stability of the myosin. The other materials, which were all of reagent grade, 
were used without further purification. 


Methods 


Samples cut from the middle of the fillet, and weighing 22.5 g, were extracted 
in a Waring blendor, fitted with a baffle plate (11) and operated at 90-100 
volts. Two extraction procedures were used. 


Procedure A 

The sarcoplasmic constituents were removed by two 1-minute blendings 
with 0.05 M histidine, pH 6.6, using 425 ml and 375 ml of solution successively. 
This was followed by a 2-minute extraction of the fibrillar proteins from the 
residue with 375 ml of KCI-Tris solution (0.55 M KCI, 0.05 M Tris, pH 7.3). 
After each blending, the mixture was centrifuged at 1300Xg. 


Procedure B 

A total soluble protein extract was made by blending the sample for 2 
minutes with 425 ml of the above KCI-Tris solution. In order to eliminate 
the water-soluble proteins, the extract was diluted 10-fold with water at 
20° C, centrifuged at once for 8 minutes at 1300Xg, and the precipitated 
fibrillar proteins taken up in 3.0 M KCI-Tris, pH 7.3, toa final ionic concentra- 
tion of 0.6. This process was repeated once. 

Except for the use of water at 20° C in the precipitation steps, all operations 
were carried out in a cold room at 2° C, using precooled apparatus. The 
extracting solutions were degassed by suction, and partly frozen (about 5%) 
in order to reduce the temperature rise during blending. The use of water at 
20° C for dilution greatly increased the speed of precipitation of the protein, 
and decreased the degree of centrifugation required. In this way, irreversible 
interactions between the precipitated proteins appear to be held to a minimum 
since there is little difference in the sedimentation patterns before and after 
precipitation (12). 

In the prerigor extractions by procedure B, the final residue remaining 
undissolved was rather voluminous. The residue from procedure A was 
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usually similar, but in two cases it was very small. The residues from both 
types of postrigor extraction were always very small. The final yields of 
‘“‘actomyosin”’ were about 40% of the total protein N of the muscle in prerigor 
extractions, and in postrigor extractions about 65% by procedure A, and 50% 
by procedure B. The latter figure may be low because of incomplete precipita- 
tion. Allowing about 3% of total protein N in cod muscle for stroma (11) and 
22% for water-soluble proteins (13), the maximum yield of salt-soluble 
(‘“‘actomyosin’’) proteins should be about 75% of the total muscle protein N. 

After centrifuging at 2000 Xg to remove debris, 200 ml of the final extract or 
solution was mixed with 20 ml of an ATP—MgCl, solution (0.055 M ATP, 
0.055 M MgCle, 0.55 M KCI, 0.05 M Tris, pH 7.3). The mixture was centri- 
fuged at once for 1 hour at 42,040 r.p.m. in a Spinco model E ultracentrifuge, 
using a preparative rotor cooled to approximately 0° C. The supernate, which 
was usually water-clear, and presumably contained myosin, was easily de- 
canted from the residue. 

The myosin preparation was dialyzed in Visking cellulose tubing against 
two changes of 5 volumes of the KCI-Tris solution, T/2=0.60, pH 7.3, at 
about 2° C for a total of 24 hours. Similar dialysis of the untreated actomyosin 
extracts did not alter the enzymic characteristics, although the phosphate 
blank was decreased. This step was therefore usually omitted for actomyosin 
in order to make the enzyme assays within a few hours of preparation. 

Reagents used in the enzyme reaction were dissolved in water and the pH 
adjusted to 7.0-7.5. The reaction mixture contained 0.05 M Tris buffer, 
pH 7.3, and the ionic concentration was adjusted where required by addition 
of KCI or NaCl. Other ‘‘standard”’ concentrations were: ATP, 0.0015 M; 
MgCl, 0.0015 1; CaCle, 0.01 M; these were found in separate experiments to 
vield maximum ATPase activity in actomyosin preparations at T/2=0.1. 
The protein concentration in the reaction mixtures varied from 0.02 to 0.05 mg 
N/ml. A mixture of appropriate amounts of the above reagents was made up 
to 25 ml. An aliquot of protein solution (2.5 ml) was diluted to 25 ml with 
water of the desired reaction temperature, and the resulting protein suspension 
added at once to the substrate mixture to start the reaction. It was found that 
if an aliquot of protein stock was added directly to an appropriate volume of 
substrate mixture, so that the dilution of the protein occurred in the presence 
of the ATP, the characteristic activation of actomyosin ATPase by Mg** at 
low ionic concentration was lost. 

The enzyme assays were carried out in a constant temperature water bath, 
stirring the mixtures with a submerged magnetic stirrer enclosed in a plastic 
bag. Aliquots of 1 ml were withdrawn at appropriate intervals, mixed rapidly 
with 9 ml of 10% trichloracetic acid, the precipitated protein removed by 
centrifuging, and 5 ml of the supernate analyzed for inorganic phosphate by 
the method of Rockstein and Herron (14). In separate experiments, the rate 
of non-enzymic hydrolysis of ATP in the assay procedure was found to be 
0.07% per minute by the trichloracetic acid, and 0.09% per minute by the 
acid molybdate mixture. This was considered to be negligible for the purpose 
of this work. 
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Protein concentrations in the stock solutions were estimated by the biuret 
procedure of Snow (15). Interference from the Tris buffer was reduced to 
negligible levels by including it in the blank. 


Sedimentation Analysis 

Sedimentation analyses were made in the Spinco model E ultracentrifuge 
at 59,780 r.p.m. The rotor was precooled, and its temperature was main- 
tained at approximately 0° C. The sedimentation constants (s’) are given in 
Svedberg units for the conditions of the run, and are not corrected to water at 
20° C. 

Patterns found for the final ‘‘actomyosin”’ preparations by procedures A and 
B from the same sample of cod muscle both before and after it had passed 
through rigor mortis are shown in Figs. 1a and 1b. The total areas of the 
procedure A patterns were somewhat smaller than those of the procedure B 
patterns, even though the protein concentrations were adjusted to be equal; 
this may be due in part at least to a larger amount of rapidly sedimenting 
gel in the A preparations. It is also interesting that in the patterns of the 
prerigor B preparation (Fig. la, bottom) the amount of component III 
appeared to be unusually large relative to component II. The patterns re- 
semble those reported by Ellis and Winchester (12) except that the peak due 
to their component I was now less prominent. It was found, however, that 
dialysis of an extract made by their procedure against the KCI-—Tris system 
used in the present work led to a considerable decrease in the size of peak I. 

The sedimentation patterns of the myosins prepared from the extracts just 
described are shown in Figs. 2a and 2b. Again, the total areas in the prepara- 
tions derived from the method B extracts were somewhat larger than those 
from the A extracts, even though the total protein concentrations were equal. 
Each preparation had a small amount of rapidly sedimenting material, another 
component sedimenting just ahead of the main one, and a smaller amount of 
component IV. Some myosin preparations, however, appeared to be mono- 
disperse. Examples made from both A and B extracts of a postrigor cod from 
a commercial source are shown in Fig. 2c. Only a trace of a rapid component 
could be discerned at an early stage of this run. The reasons for these differ- 
ences are not known. 

The sedimentation constant of the main peak in the myosin preparations 
did not appear to depend on whether NaCl-phosphate, used by Ellis and 
Winchester (12), or KCI-Tris was used as the solvent, but it did depend 
moderately on the protein concentration. Available data on the latter prop- 
erty are plotted in Fig. 3. The constant agreed well with that of component 
III (s’=3.1-3.7) of the untreated “‘actomyosin” extracts. After an approx- 
imate correction to a liquid of the viscosity and density of water at 20° C, the 
sedimentation constant of the myosin at zero concentration became 6.8, in 
fair agreement with the value 6.43 found by Connell (4) and also with that of 
component III in the extracts of Ellis and Winchester (12). 


Tests for Water-soluble AT Pase 
Kielley and Meyerhof (16) reported the preparation from rat muscle of a 














PLATE | 





Fic. 1. Sedimentation patterns of actomyosin extracts of cod muscle. (a) Prerigor, 
0.51 mg N/ml. (6) Postrigor, 0.69 mg N/ml. Upper trace, extract by procedure A. 
Lower trace, extract by procedure B. After 24 minutes at 59,780 r.p.m., T~0° C. Solvent, 
KCI-Tris, T/2 =0.60, pH 7.3. Numbering follows Ellis and Winchester (12). Sedimenta- 
tion to the right. 








Fic. 2. Sedimentation patterns of myosin preparations from cod muscle. (a) Pre- 
rigor, 0.40 mg N/ml. (6) Postrigor, 0.47 mg N/ml. Upper trace, myosin from extract by 
procedure A. Lower trace, myosin from extract by procedure B. After 160 minutes at 
59,780 r.p.m., T~0° C. Solvent, KCl-Tris, T/2=0.60, pH 7.3. (c) Postrigor. Upper 
trace, from extract by procedure A, 0.45 mg N/ml. Lower trace, from extract by pro- 
cedure B, 0.38 mg N/ml. After 144 minutes at 59,780 r.p.m. Other conditions as in (a) 
and (b). Sedimentation to the right. 
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Fic. 3. Dependence of sedimentation constant of ultracentrifuge myosin on protein 
concentration. Constants are for the conditions of the run: T~0° C; 0.55 M KC1+0.05 M 
Tris, pH 7.3, or NaCl/phosphate, © T/2 =0.60, pH 7.0. 


Mg-activated ATPase, which was not myosin or actomyosin, but was asso- 
ciated with particulate matter remaining suspended after dilution of the 
preparation to low ionic concentration. To test for possible interference from 
a similar enzyme in our extracts, AT Pase assays were made upon the following 
at [/2=0.1, in the presence of 0.0015 M MgCl: 

(a) an extract of muscle made with histidine buffer, T/2 =0.05, pH 6.6; 

(6) the supernate remaining after precipitating protein, by a 10-fold dilution 
with water, from a KCI-Tris extract (T/2=0.60, pH 7.3) of the residue from 
extraction (a); 

(c) the supernate remaining after two precipitations, by 10-fold dilution, 
of protein from a KCI-Tris (T/2=0.60, pH 7.3) extract of muscle. In each of 
these procedures, insoluble material was removed by centrifuging at 1300 Xg. 
The samples were assayed without further dilution, but in no case was any 
activity detected. It may be that the white muscle of cod and other species is 
very poor in the Kielley-Meyerhof enzyme; Tonzetich and Kare (17) have 
reported that they could prepare a water-soluble ATPase from the red muscle 
of hen, but not from the white muscle. 


ATPase Activities 

The ATPase reaction curves for the actomyosin preparations whose sedimen- 
tation patterns have already been described are shown in Figs. 4a and 40. 
The experimental points were corrected for phosphate blank (see below) 
before plotting. The shapes of the curves and the relative reaction rates 
calculated from them were similar for a number of other preparations studied, 
although the absolute rates varied from one extract to another. 

After 5 minutes of reaction at 20° C, the amount of inorganic phosphate 
produced in the most active reaction cited in Fig. 4 corresponded to the 
hydrolysis of 65% of the ATP originally present. Even when this change in 
substrate concentration was allowed for, in this and other preparations, a 
linear relation for rate of hydrolysis could not always be demonstrated. It 
is not unlikely that some denaturation of the enzyme occurred during the 
reaction at 20° C or higher, but this was not fully investigated. 

It was convenient to extrapolate the reaction curves to zero time to estimate 
the phosphate blank. This would not reveal the presence of any initial burst 
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Fic. 4. Reaction curves of cod actomyosin and myosin ATPases. T=20° C; T'/2~0.1; 
pH 7.3. (A) Actomyosin, prerigor. (B) Actomyosin, postrigor. (C) Myosin, prerigor. 
(D) Myosin, postrigor. (In C and D, curves for myosin from procedure B extracts omitted 
for clarity.) ; 


@ O Activated by Mg**, 0.0015 M. MO Activated by Cat*, 0.01 M. A A No 
activator. Full curves, extracts by procedure A. Broken curves, extracts by procedure B. 


of reaction such as has been reported for actomyosin in 0.6 M KCI by Tono- 
mura and Kitagawa (18). Direct checks of phosphate blanks in several runs 
agreed quite closely, however, with those found by extrapolation. The reaction 
rates were calculated from the amount of hydrolysis that occurred in the first 
60 seconds of reaction as indicated by a smooth curve drawn through the 
experimental points. 

The reaction curves found for the myosins (Figs. 4c and 4d) prepared from 
the above actomyosin extracts were similar in shape to those found for the 
actomyosins. 

The rate constants calculated for all the reactions carried out in this repre- 
sentative experiment (No. 37) are given in Table I. The ATPase activities of 
the actomyosin extracts from postrigor muscle, prepared by both methods, 
and of that made by method A from prerigor muscle, were all activated by 
Cat*, but were more strongly activated by Mg**. On the other hand, that 
made by method B was activated by Cat*, but not at all by Mgt+. All of 
the myosin ATPases were rather insensitive to Ca++, and strongly inhibited 
by Mgt*. Moreover, the myosins were about twice as active as the actomy- 
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TABLE I 
ATPase activities of actomyosin extracts and of ultracentrifuge 
myosin from prerigor and postrigor cod muscle 
(T/2~0.10; pH 7.3 (Tris); [Mg**] =1.5 X10-3 M; [Ca**]= 
10-2 M; [ATP] =1.5X10-* M. Activities in umoles P/mg N/min) 








Activator 











Mg** Cat* Nil Mg** Cat Nil 
Experiment Extraction — ——— 
No. procedure Actomyosin Myosin 
Prerigor, A 6.9 4:3 0.86 0.38 2.4 YP 
37 (T=20° C) Prerigor, B 1.0 4.9 0.90 0.78 1.8 2.4 
Postrigor, A 6.8 a2 E2 0.50 2.6 
Postrigor, B 7.2 3.3 1.2 0.44 3.0 a8 
Prerigor, A 8.0 3.6 0.91 - 
35 (T=20° C) Prerigor, B 1.0 4.8 1.0 — - 
Postrigor, A 8.4 4.0 0.95 - _ - 
Postrigor, B 12.0 3.9 a - ~ 
8 (T~13° C) Prerigor, A 8.2 3.5 1.8 0 2.3 2.3 
Postrigor, A 7.3 3.3 2 0.1? z.1 2.8 





osins when no bivalent ion was added, a difference that seems too great to be 
accounted for by the presumed loss of actin from the myosin preparations. 

Other data in Table I are included to illustrate reproducibility of activities. 
Not every preparation of myosin was active, but those that were active were 
comparable. The activities of actomyosin in the presence of Ca++ were reason- 
ably constant, but those in the presence of Mg*t* were rather variable. The 
latter were always greater than the Cat* activities, however, except in the 
case of prerigor preparations by method B, which were always lower than the 
corresponding Ca** activities. 

In Table II are given some ATPase activities for actomyosin and myosin 
reported by others. Nearly all of the preparations were made from prerigor 
rabbit muscle, and the conditions of assay approximated those used in the 
present work. 

It was possible to obtain identical reaction curves with the actomyosin 
preparations in duplicate assays made within an hour of one another. Runs 
made on successive days, however, showed a decreasing activity. The activity 
of the myosin preparations was even more labile; within 24 hours after dialysis 
(48 hours after preparation) the activity had usually fallen to zero. 

In one experiment, samples of frozen cod that had been stored at —23° C 
for 13 days and for 7 months were extracted with 0.6 M KClI-Tris, pH 7.3. 
The yields of total extractable protein were 78% and 79% of the total protein 
N of the muscle, respectively, so that only a small amount of protein had become 
non-dispersible. A water extract of the 13-day sample gave a small activity 
(1.50 zmoles P/mg N/min) in the presence of Mg**, which may have been due 
to a Kielley—-Meyerhof enzyme. The “‘total’’ extracts of both samples ex- 
hibited strong activities of the actomyosin type, being strongly activated by 
Mg** (Table III). It appears then that while the ATPase activities of the 
muscle proteins are labile once the proteins have been extracted, they are 
relatively very stable when left im situ in the frozen state. A similar stability 
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TABLE Ill 


ATPase activities of actomyosin extracts from frozen cod muscle 
(Activities given as ymoles P/mg N/min. Fish frozen postrigor) 














Activator 
Storage Mg** Cer 
13 days at —23°C 10.8 3.2 Total extract, not precipitated 
10.5 3.0 Extract precipitated once 
7 months at —23° C — 3.2 Total extract, not precipitated 
8.0 1.8 Extract precipitated once 





has been noted for the ATPase of frozen fish by Partmann (19) and Connell 
(20). 

In another experiment, KI—myosin (3) was prepared from postrigor cod 
muscle, and a sample of ultracentrifuge myosin was prepared from the same 
fillet. The latter preparation exhibited normal ATPase activity, but the 
KI-myosin had no activity in the presence of 10-? M Cat+. Moreover, when 
the ultracentrifuge myosin was treated with 0.6 M KI, which was subsequently 
removed by dialysis, its ATPase activity was abolished. After addition of the 
KI, and before dialysis, the total ionic concentration was 1.2, but it is known 
from other work that similar treatment with KCI does not materially alter the 
ATPase activity of ultracentrifuge myosin. It appears, therefore, that if the 
protein prepared by treatment of actomyosin with KI is myosin, as claimed 
by Szent-Gyérgyi (2), then it must be a denatured form of that protein. 


Discussion 


A comparison of the representative data presented in Table I suggests that, 
as far as ATPase activity is concerned, ultracentrifugally prepared cod myosin 
is analogous with mammalian myosin prepared by the usual extractive 
methods. Not only was the characteristic inactivation by Mg** at low total 
ionic concentration observed, but the magnitudes of the activities under 
various conditions agreed fairly well with those of the mammalian myosins. 
The results of the sedimentation analyses also tended to confirm the analogy. 
While in some of our preparations the heterogeneity suggested that the dis- 
sociation of the actomyosin had been incomplete, or that some aggregation of 
the myosin had occurred, the estimated sedimentation constant of the main 
component, S20,~= 6.8 X10-'’, agreed with that of rabbit myosin (6.7—7.2) (21). 

The case of the actomyosin extracts is rather less clear. Extracts of fish 
muscle made at moderate ionic concentrations, with or without prior 
removal of the sarcoplasmic constituents, consistently showed complex pat- 
terns in the ultracentrifuge. The very similar sedimentation behaviors of 
component III and of myosin strongly suggests that they are identical. If 
this is so, then the ATPase activities observed at low ionic concentration for 
“actomyosin”’ preparations may be the resultant of the activities of myosin 
and of true actomyosin(s) (presumably peaks I and II) (12). On the other 
hand, it is possible that lowering the ionic concentration to approximately 
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0.1 increases the proportion of actomyosin at the expense of myosin. Except 
for the work of Johnson and Landolt (22) and of Ellis and Winchester (12), 
the complex nature of actomyosin extracts has not usually been considered in 
studies of muscle proteins. 

The low value for ATPase activity, in the presence of Mgt*, of prerigor 
actomyosin preparations made by procedure B was reproducible. Moreover, if 
any actomyosin extract, prerigor or postrigor, by method A or B, was added 
directly to the substrate mixture containing ATP and Mgt*-, similarly low 
activities were consistently found. The common factor appeared to be pre- 
cipitation of actomyosin in the presence of ATP and Mgt*. It is tempting to 
speculate that under these conditions the precipitated protein was largely 
myosin and that the characteristic suppression of myosin ATPase was being 
observed. This would follow from the dissociation of actomyosin that almost 
certainly occurs in the presence of ATP at T'/2=0.5-0.6. On the other hand, 
this would not account for the other aberrations in the activities of actomyosin 
and myosin made from prerigor muscle by procedure B, apparent in Table I, 
and which appear to be reproducible from extract to extract. Nor was this 
hypothesis supported by an experiment in which an actomyosin extract of 
postrigor cod was mixed with ATP and MgCl. and then precipitated by 
dilution with water. Not all of the precipitated protein would redissolve in 
0.6 M KCI but the ATPase activity of that portion which did dissolve was still 
enhanced by Mgt*. 

In connection with these phenomena, the results of Saito and Hidaka (30) 
are interesting. Working with prerigor muscle, these authors claim to have 
prepared myosin A and myosin B by 20-minute and 24-hour extractions 
respectively, using a Greenstein-Edsall type solution. Both preparations were 
then precipitated several times to purify them. With both types of extract, 
the ATPase activity was enhanced about fourfold by Ca** and reduced to 
about 50% by Mgt+. This behavior is similar to that of our prerigor “‘acto- 
myosin’ extract, using procedure B, rather than that of ultracentrifuge 
myosin. On the other hand, it is not clear from Saito and Hidaka’s paper 
whether the reaction was carried out in 0.25 or 0.025 M KCl. The former 
appears to be the more likely, and if so, their results cannot be compared with 
ours because the influence of ionic strength on the reaction is known to be 
important in this range. 

Saito and Hidaka (31) also report that while the activity of their myosin A 
and B fractions was rapidly reduced at elevated temperatures (37—45° C), 
only small deterioration was observed after storage for 48 hours at 1-3° C. 
This also agrees wth our experience with actomyosin preparations rather than 
with ultracentrifuge myosin. 

It is usually stated that actomyosin is characteristically ‘“‘strongly”’ activated 
by Mgt+ at low ionic concentration (24). While this does seem to occur 
with cod actomyosin, it appears to be much less marked with mammalian 
actomyosin. It may be significant that the latter was usually prepared from 
prerigor muscle by a procedure analogous to our method B. 

The original object of this work required that the ATPase activities be 
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studied at low ionic concentration, so that the system was necessarily hetero- 
geneous. Because of this, the complex nature of the actomyosin extracts, and 
the extreme lability of the myosin, it did not seem worthwhile to carry out a 
thorough kinetic study at present. The effects of pH, temperature, and ionic 
strength will be presented in a later report, and a study of the ATPase activi- 
ties of the fibrils is also being undertaken. 
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CHANGES IN HEPATIC ENZYME LEVELS 
AFTER ADRENALECTOMY 


Il. GLUCOSE-6-PHOSPHATASE, GLUCOSE-6-PHOSPHATE DEHYDROGENASE, 
AND 6-PHOSPHOGLUCONATE DEHYDROGENASE! 


J. S. WILLMER 


Abstract 


Adrenalectomy caused a decrease in the hepatic levels of glucose-6-phos- 
phatase and glucose-6-phosphate dehydrogenase. Restoration to normal levels 
in rats which had been fasted for 18 hours was obtained by treatment with 
cortisone or corticosterone. In fed animals hydrocortisone and progesterone 
were also capable of maintaining an elevated level of glucose-6-phosphatase. 
Cortisone and corticosterone raised the level of this enzyme in fed sham-operated 
animals, but none of the other steroids showed this effect. The activity of 6-phos- 
phogluconate dehydrogenase did not change significantly under the influence of 
adrenalectomy or individual steroid hormones. 

A comparison is made between the effects of adrenalectomy and starvation 
upon the level of these enzymes in the liver during a 7-day period. 


Introduction 


The extent to which adrenalectomy and treatment with individual steroid 
hormones affected hepatic levels of phosphorylase, phosphoglucomutase, and 
phosphoglucoseisomerase was demonstrated in a previous communication (1). 
To complete the examination of enzymes concerned with glucose-6-phosphate 
utilization, glucose-6-phosphatase and two enzymes of the hexosemonophos- 
phate shunt were studied under similar conditions. 

The influence of adrenalectomy upon hepatic glucose-6-phosphatase has 
been examined (2) and shown to cause a decreased enzymic activity. By 
contrast, Ashmore et al. (3) were able to demonstrate an increase in the amount 
of glucose metabolized via the hexosemonophosphate shunt in the adrenalec- 
tomized rat. 

In order that a more complete picture of the effects of adrenal corticoids 
might be obtained, these studies have been extended to include the influence 
of several biologically active steroid hormones upon hepatic enzyme levels in 
both adrenalectomized and sham-operated animals. 

A comparison has also been made between the development of changes in 
enzymic activities in starved and adrenalectomized animals during a 7-day 
period. 


Methods 


The maintenance and hormone treatment of the animals was as previously 
described (1), all steroids being administered intraperitoneally at a dose level 
of 2 mg per day for a period of 6 days postoperatively. 


Determination of Hepatic Enzyme Levels 
Animals to be used for enzyme assays were starved for 18 hours prior to 
use, adrenalectomized animals being maintained on 1% sodium chloride. The 


‘Manuscript received June 22, 1960. 
Contribution No. 32, Animal Research Institute, Research Branch, Canada Department 
of Agriculture, Ottawa, Ontario. 
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activity of glucose-6-phosphatase was also determined in animals which had 
not been fasted. 


Glucose-6-phos phatase 

Glucose-6-phosphatase was assayed by a modification of the method of 
Cori and Cori (4). To tubes containing 0.1 ml 0.1 M sodium glucose-6-phos- 
phate and 0.3 ml 0.1 M citrate buffer, pH 6.4, were added 0.1 ml aliquots of 
5% liver homogenates. Incubation at 37.5° C was for 15 minutes when the 
reaction was stopped by the addition of 1 ml 10% trichloroacetic acid. After 
dilution to 10.0 ml and centrifugation, inorganic phosphorus was determined 
in 2.0 ml aliquots by the method of Fiske and Subbarow (5). A unit of activity 
is defined as the amount of enzyme which releases 1 zmole of inorganic phos- 
phorus in 1 minute at pH 6.4 and 37.5° C. 


Glucose-6-phosphate Dehydrogenase and 6-phosphogluconate Dehydrogenase 

The method adopted for assaying these enzymes of the hexosemonophos- 
phate shunt was essentially that of Glock and McLean (6), in which the rate 
of reduction of triphosphopyridinenucleotide is measured. The optimum pH 
for 6-phosphogluconate dehydrogenase of rat liver was found to be 8.5 and this 
modification was used in all assays. A unit of activity is defined as the quan- 
tity of enzyme which at 20° C and the specified pH, reduces 0.01 pzmole TPN/ 
minute, based on readings over the first 5 minutes. 

Changes in liver cellularity upon starvation have been observed by Weber 
and Cantero (2), and might be anticipated also as a result of hormone treat- 
ments. Under the conditions of this investigation, however, the dry matter 
contents of livers from the 14 experimental groups were shown to differ by 
only 1.9%. The results of enzyme assays are therefore presented on a tissue 


fresh weight basis, as the mean of duplicate analyses from groups of eight 
animals. 


Results 


Adrenalectomy (Table I) caused a 22% reduction in the hepatic level of 
glucose-6-phosphatase in the fed animals. Restoration or maintenance of a 
normal enzyme level resulted from treatment with cortisone or corticosterone, 
while hydrocortisone and progesterone caused partial restoration only. 
Deoxycorticosterone and Reichstein’s substance S were without effect in this 
respect. Cortisone and corticosterone also raised the glucose-6-phosphatase 
level significantly in sham-operated animals. 

Starvation for a period of 18 hours did not change this picture (Table I1), 
though the hepatic level of the enzyme was generally elevated, exceptions 
existing in groups of adrenalectomized rats treated with progesterone, deoxy- 
corticosterone, and Reichstein’s substance S. Adrenalectomy lowered the 
enzyme level in the liver by 26%, and restoration to normal occurred in 
groups treated with cortisone and corticosterone. Hydrocortisone, however, 
did not raise glucose-6-phosphatase above the level of the adrenalectomized 
control animals, nor did any of the hormones alter the enzyme activity of the 
sham-operated groups. As starvation did not appear to raise the level of 
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TABLE I 
The influence of adrenalectomy and adrenal steroids upon hepatic 
glucose-6-phosphatase in fed animals* 











Treatment Sham-operated Adrenalectomized 
Control 882 690** 
+12.0 +18.0 
Cortisone 1038** 966° 
+39.6 zone 
Hydrocortisone 912 810*** 
+277.8 +15.6 
Progesterone 906 810**> 
+45.6 £13.2 
Deoxycorticosterone 918 690** 
+16.8 +14.4 
Reichstein’s substance S 912 = 
£3t.2 +25.2 
Corticosterone 960** 948° 
+21.6 +30.0 





«Enzyme activity expressed as units/g fresh liver/hour + S.E.M. 
‘Significant at 1% level compared with adrenalectomized control group. 
**Significant at 1% level compared with sham-operated control group. 


TABLE II 


The influence of adrenalectomy and adrenal steroids upon hepatic 
glucose-6-phosphatase in fasted animals* 











Treatment Sham-operated Adrenalectomized 
Control 1206 888** 
+31 .2 +31.8 
Cortisone 1122 1218° 
+27.0 +15.0 
Hydrocortisone 1134 966** 
+39.6 +23.4 
Progesterone 1152 es 
+37.8 +25.2 
Deoxycorticosterone 1116 jan” 
+£55.2 +30.0 
Reichstein’s substance S 1098 792 **e 
+33.6 £13:2 
Corticosterone 1212 1122° 
; +18.0 +16.8 





«Enzyme activity expressed as units/g fresh liver/hour + S.E.M. 
‘Significant at 1% level compared with adrenalectomized control group. 
‘Significant at 5% level compared with adrenalectomized control group. 
**Significant at 1% level compared with sham-operated control group. 


glucose-6-phosphatase in adrenalectomized rats treated with progesterone, 
deoxycorticosterone, or Reichstein’s substance S, the results obtained with the 
latter two hormones indicated a significant decrease from the corresponding 
control values. In these respects the results are different from those obtained 
for fed animals. 

Evidence for the effects of adrenal steroid hormones upon enzymes of the 
hexosemonophosphate shunt is presented in Table III. Glucose-6-phosphate 
dehydrogenase appears to be influenced in a similar manner to phosphor- 
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ylase and phosphoglucoseisomerase (1) in that only glucocorticoids were 
capable of maintaining an enzyme level approaching the normal value. 
Although the values obtained for the adrenalectomized cortisone-treated rats 
were higher than the corresponding controls, they were still significantly 
lower than the sham-operated control animals. Among the sham-operated 
groups cortisone was the only hormone which evoked an increase in enzyme 
activity. In view of the significant effect of the glucocorticoids upon glucose-6- 
phosphate dehydrogenase it is surprising to observe the relative lack of effect 
of these hormones upon 6-phosphogluconate dehydrogenase. Adrenalectomy 
was not observed to exert any significant effect upon this enzyme, though in a 
comparison of corresponding adrenalectomized and sham-operated groups the 
mean levels obtained were higher in the latter animals. Changes in the hepatic 
level of this enzyme were also observed to be slight in lactating rats, in which 
glucose-6-phosphate dehydrogenase shows considerable alteration (7). 

The results presented above were related to the sequential changes observed 
in adrenalectomized rats during a 7-day period, and in a group of animals 
starved to extinction. Glucose-6-phosphatase (Fig. 1) was observed to drop 
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Fic. 1. The influence of adrenalectomy and starvation upon hepatic glucose-6-phos- 
phatase levels. @— — —@ Adrenalectomized rats. @---—-—@ Starved rats. @ 
Controls. Tf Indicates commencement of starvation of control and adrenalectomized 
animals. 





in adrenalectomized rats and reach a steady state 4 days after the operation. 
In contrast to this the enzyme level rapidly increased during the first 12 hours 
of starvation, plateaued for 2 days, and dropped sharply in the terminal stage 
of the experiment. Glucose-6-phosphate dehydrogenase (Fig. 2) decreased 
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adrenalectomized animals. 


steadily during starvation but showed a pronounced increase in activity in 
adrenalectomized animals before finally dropping below the control level. The 
control values for both these enzymes increased during the experimental 
period, possibly due to the ingestion of glucose with the drinking water. 

The levels of 6-phosphogluconate dehydrogenase under similar conditions 


showed only slight changes, though some loss of activity did appear on starva- 
tion. 


Discussion 


It was observed previously that adrenalectomy caused a decrease in the 
hepatic levels of phosphorylase, phosphoglucomutase, and phosphoglucose- 
isomerase (1). In general, it was also found that the enzyme level could be 
maintained close to the normal value by administration of one of the gluco- 
corticoids, cortisone, hydrocortisone, or corticosterone, though in the case 
of phosphoglucomutase progesterone was also effective in restoring activity. 
Similar observations have been made with glucose-6-phosphatase and glucose- 
6-phosphate dehydrogenase. Adrenalectomy caused a 25-30% decrease in 
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activity, which could be restored by cortisone or corticosterone, and under 
some circumstances by hydrocortisone or progesterone. Certain of these find- 
ings are in close agreement with those of Weber and Cantero (2), who demon- 
strated a decreased level of glucose-6-phosphatase after adrenalectomy. 
Although cortisone was observed to raise the activity of this enzyme in normal 
fed animals, no effect was noted in fasted rats (8); nor were the influences of 
cortical hormones upon adrenalectomized animals studied. The effectiveness 
of the glucocorticoids in maintaining the hepatic enzyme levels is probably 
associated with their capacity to cause glycogen deposition, though it is diffi- 
cult to integrate the effect of progesterone. 

Ashmore et al. (3) in studying the metabolism of labelled glucose by rat 
liver slices observed an increase in the amount of glucose oxidized via the 
hexosemonophosphate shunt in adrenalectomized rats. As the animals used in 
these investigations were killed 4-6 days after adrenalectomy, the liver enzyme 
levels presumably corresponded approximately to the peak shown in Fig. 2. 
It is evident that under the conditions of our investigation such circumstances 
would not apply, as the peak activity is passed on the seventh postoperative 
day. 

The influence of starvation upon glucose-6-phosphatase activity has been 
carefully studied by Weber et al. (2, 8-10). The observations presented in 
Fig. 1 substantiate their findings. The additional data concerning the changes 
associated with adrenalectomy indicate that starvation is apparently not 
responsible for the decreased enzyme levels, as, particularly in the case of 
glucose-6-phosphatase, starvation causes an intense stimulation of activity. 
These findings, in association with those of a previous publication (1), would 
indicate that removal of the adrenal glands causes an initial increase in the 
amount of glucose-6-phosphate metabolized via the Embden—Meyerhof 
pathway as revealed by an elevation of phosphoglucoseisomerase activity. 
This is succeeded by an increase in the activity of enzymes of the hexosemono- 
phosphate shunt. The liberation of glucose by glucose-6-phosphatase drops 
steadily after adrenalectomy. However, 7 days after adrenalectomy, no one 
pathway of glucose metabolism appears to be more active than the others. The 
impairment of carbohydrate metabolism associated with adrenalectomy, as 
measured by changed enzymic levels, probably cannot be fully demonstrated 
by in vitro enzyme analyses which are obtained under optimum conditions, 
free from normal physiological regulating influences. 
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EFFECT OF TESTOSTERONE AND GONADOTROPHIN 
INJECTIONS ON THE SEX ORGAN DEVELOPMENT 
OF ZINC-DEFICIENT MALE RATS! 


M. J. Mitvar, P. V. ELcoate, M. I. FIscHer, AND C. A. MAWsoNn 


a 


Abstract 


Zinc-deficient rats, receiving a diet low in zinc (0.5 ug zinc/g), were injected 
subcutaneously with testosterone propionate or gonadotrophins for periods of 
13 to 28 days. 

The hormone injections in every case caused marked growth of accessory sex 
organs of zinc-deficient rats. The zinc concentrations of the large hormone- 
stimulated dorsolateral prostate glands were very low and similar to those of 
glands in untreated zinc-deficient rats. Testosterone propionate did not alter 
the testicular atrophy which had occurred before treatment. Gonadotrophin 
increased the rate of growth and possibly the rate of maturation of testes that 
were immature prior to treatment. When the testes had matured and were 
producing sperm before treatment, the tubular atrophy that is typical of zinc 
deficiency developed in spite of the injected gonadotrophins. 

Testicular atrophy in zine-deficient rats is probably due specifically to an 
inadequate supply of zinc to the testis. The availability of sufficient zinc for 
incorporation of high concentrations into sperm seems to be essential for the 
maintenance of spermatogenesis and the survival of the germinal epithelium. 
On the other hand, the reduction in rate of growth and development of immature 
testes and of all accessory sex organs in zinc-deficient rats is due mainly to an 
inhibition of pituitary gonadotrophin output. 


Introduction 


In a recent paper (1) we have reported the effect of dietary zinc deficiency on 
the growth, histological appearance, and zinc concentration of the reproductive 
organs in male rats. Increase in weight of organs and pituitary gland was 
greatly retarded in weanling rats fed a zinc-deficient diet for 6 to 8 weeks. 
Arrested spermatogenesis and atrophy of the germinal epithelium or delayed 
maturation were observed in the testes. Zinc concentration was reduced in 
testes, epididymides, and dorsolateral prostate glands. All changes except 
atrophy of testicular tubules were reversed by replacing zinc in the diet. If 
irreparable testis damage had occurred, the testes and epididymides did not 
regain normal zinc concentration after addition of zinc to the diet. 

The reduced food intake and body growth of zinc-deficient rats suggested 
that restricted feeding of a zinc-supplemented diet might produce a similar 
effect on the genital organs. In rats given just sufficient food to keep their 
weight equal to that of zinc-deficient rats the limitation of the increase in weight 
of the accessory sex organs and pituitary glands was similar to that in zinc- 
deficient rats, but development and increase in weight of the testes were normal. 
The severe testicular damage found in zinc deficiency seemed to be due to the 
deficiency per se, but the reduced growth of the accessory sex organs was 
caused by the severe inanition. 

Since, in simple inanition, retardation of sexual development is due to reduced 

'Manuscript received May 22, 1959. 
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output of pituitary and sex hormones, we have tested the response of the genital 
organs of zinc-deficient rats to administered testosterone propionate and 
gonadotrophins. 


Methods 


The method of preparation of the zinc-deficient diet, the care and main- 
tenance of the animals, and the methods for histology and zinc analysis have 
been described previously (1). 

Male hooded rats of approximately equal weight, aged 23-33 days, were fed 
the zinc-deficient diet for 6 to 8 weeks. They were weighed daily. When 
symptoms of zinc deficiency were apparent after 3 to 5 weeks (growth retarda- 
tion, hair loss, etc.) unilateral orchidectomy was performed on each rat. The 
excised testis and epididymis were examined histologically and sometimes 
analyzed for zinc. In this way a measure was obtained of the condition of these 
organs before treatment began. The rats were then divided into the following 
groups receiving 

(1) daily subcutaneous hormone injections: 

(a) 0.5 mg testosterone propionate in 0.1 ml olive oil, or 

(b) 20 International Units of Gonadogen (Upjohn Co. of Canada Ltd., 
from pregnant mare’s serum) or 6 1.U. + 0.4 “activation units” 
FSH of Synapoidin (Parke, Davis Co. Ltd., combined pituitary and 
chorionic gonadotrophin) ; or 

(2) daily oral supplements of 100 or 200 yg zinc as chloride; or 

(3) no treatment. 

After treatment for 2 to 4 weeks the rats were anaesthetized with ether and 
killed by exsanguination (heart puncture). The remaining testis and epididymis 
were removed and weighed. The testis, epididymis, dorsolateral prostate, and 
sometimes the ventral prostate and seminal vesicles were examined histologic- 
ally. Dorsolateral prostates, testes, and epididymides were analyzed for zinc. 

The response of non-genital tissue to hormone treatment was assessed by 
histological examination of the oesophagus and analysis of the ileum for zinc. 
Changes in the oesophagus due to zinc deficiency have been described by Follis, 
Day, and McCollum (2). We have found (3) that ileum zinc is reduced from the 
normal concentration of about 40 ng/g wet weight to about 20 g/g in zinc- 
deficient rats. 

The adequacy of the zinc-deficient diet was checked in each experiment by 
feeding two or three rats for the total feeding period on the diet supplemented 
with 100 or 200 pg zinc daily. These animals will be referred to as ‘‘diet 
controls’’. 


Experimental 


TESTOSTERONE EXPERIMENT 


Seven weanling rats were fed on the zinc-deficient diet for 56 days. On the 
35th day unilateral orchidectomy was performed for assessment of the condition 
of the genital tissues before treatment. Treatment was then begun. For the 
remaining 21 days four rats received testosterone propionate and three received 
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100 wg zinc daily. A “diet control” group of three rats received the zinc- 
deficient diet plus 100 yg zinc daily for 56 days to check adequacy of the diet. 


Effect on General Condition of Animals 
After 35 days the rats receiving the unsupplemented zinc-deficient diet had 
gained much less weight than the “‘diet controls’ and they had symptoms of 
zinc deficiency such as alopecia and greying of the black hair (Table I). 
TABLE I 
Effect of testosterone propionate injections or zinc replacement on the body and 


organ weights and tissue zinc concentrations of zinc-deficient rats* 








Testosterone 


propionate Zinc replacement Diet controls 
0.5 mg daily 100 ug Zn daily 100 ug Zn daily 
21 days 21 days 56 days 
(4 rats) (3 rats) (3 rats) 





Body and organ weights (means + S.E.) 


Body, g 

Before treatmenttT 120+ 4 1422 & 200+ 6f 

After treatment 142+10 222+ 11 233+ 8 
Testis, mg 

Before treatment t 759 +63 738+ 85 1374453 

After treatment 564478 1008 + 140 1540+17 
Epididymis, mg 

Before treatment t 155+ 6 141+ 16 323+ 7t 

After treatment 251+13 238+ 8 443 +13 
Dorsolateral prostate, mg, 

after treatment 231416 133+ 28 170+11 
Ventral prostate, mg, 

after treatment 435+24 207+ 50 256+28 
Seminal vesicles, mg, 

after treatment 995 +36 3022 22 343+ 7 

Tissue zinc concentrations, wg Zn/g wet tissue (means + S.E.) 

Testis 

Before treatmentt 20.0+2.3 20.0+3.6 25.2% 0.2% 

After treatment 21.24+3.7 17.9+3.5 27.6+ 0.5 
Epididymis 

Before treatmentt 16.9+2.0 16.3+0.9 49.1+ 5.0f 

After treatment 17.1+3.4 19.94+3.4 39.6+ 0.9 
Dorsolateral prostate 

after treatment 46.7+4.6 63.0+5.5 151.7+19.9 
Tleum 

after treatment 19.8+1.4 33.8+2.4 34.94 2.5 





*Weanling rats fed zinc-deficient diet for 56 days. Testosterone or zinc treatment for final 21 days. 
+Unilateral orchidectomy performed on the 35th day, before treatment was begun. 
tAfter 35 days on zinc-supplemented diet. 


The rats that received testosterone for 21 days showed a slight initial gain in 
weight, but were beginning to lose weight when they were killed. External 
symptoms of zinc deficiency increased in severity during treatment. The zinc 
concentration of the ileum in testosterone-treated rats was below that in the 
“diet control’’ and ‘‘zinc replacement”’ groups and was similar to that in zinc- 
deficient rats. The histological appearance of the oesophagus was typical of 
zine deficiency. Zinc replacement caused a dramatic gain in body weight, 
disappearance of external symptoms of zinc deficiency, and the return of the 
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zinc concentration of the ileum and the histological appearance of the oeso- 
phagus to normal. 


Effect on Reproductive System 

Before treatment was begun, after 35 days on the diet, testis and epididymis 
weights were much lower than those from the diet controls. The testes were 
mature, but some atrophy had taken place in about half the tubules examined. 
Some tubules appeared normal except that sperm production was negligible and 
histological examination of the epididymides showed few or no sperm. Diet 
control rats had normal mature testes with abundant sperm in the epididy- 
mides. Our normal rats become capable of fertilizing females at the age of 
50-55 days. 

After 21 days of treatment with testosterone or zinc the weights and histo- 
logical appearance of the testes in both groups were not significantly changed 
(0.1>p>0.05). Epididymis weights increased in both groups but the organs 
did not attain normal size. In the testosterone-treated rats the weights of the 
accessory sex organs, including the dorsolateral prostate glands, were signifi- 
cantly greater than those in either the zinc-replacement or diet control groups. 
Mean weights of the accessory organs in the zinc-treated rats were not signi- 
ficantly different from those from the diet controls. 

The concentration of zinc in testes and epididymides remained unchanged 
during treatment in both testosterone- and zinc-treated rats. Epididymis zinc 
concentrations were significantly lower than those of the diet controls in all 
cases. The zinc concentrations of the dorsolateral prostates were lower than 
those of the diet controls in both testosterone- and zinc-treated rats. The low 
concentration of zinc in the large dorsolateral prostates of rats treated with 
testosterone was similar to that observed in zinc-deficient rats (Table II). 


GONADOTROPHIN EXPERIMENTS 


The preparation of the zinc-deficient diet and the care of the rats receiving 
the diet requires so much skilled assistance that we were unable to maintain 
more than 12 animals on the diet at one time. This led to difficulties in work 
with gonadotrophins because, although young animals were started on the diet 
at an apparently similar stage of development, by the end of the depletion 
period the sexual organs of all the rats were not equally mature. The condition 
of the organs at the start of treatment with gonadotrophin was determined by 
unilateral orchidectomy and the effects of the treatment varied according to 
the stage of development reached when treatment began. These circumstances 
resulted in only small numbers of animals being available in each group, which 
perhaps limits the value of the results. 

Three experiments will be described in which testes had the following 
histological appearances before treatment began (1): 

(a) immature, with no detectable cell damage, 

(b) early mature, with little or no cell damage, 

(c) mature, with little or no cell damage and numerous sperm in the 

epididymis, 
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(d) mature, with atrophy of germinal epithelium and arrested spermato- 

genesis. 

In order to obtain rats with testes in condition (c) we used animals born of 
mothers that had been raised on the zinc-poor diet, plus 100 yg of zinc daily. 
After weaning, the young were kept on a similar regime for 49 days, when they 
ceased to receive supplemental zinc. It is very difficult to produce symptoms 
of zinc deficiency in normal mature animals because of the stored zinc in bone, 
hair, and other tissues, but these animals had been kept on a diet supplving just 
sufficient zinc to prevent development of deficiency symptoms. When the 
100 wg Zn per day was withdrawn, symptoms appeared within 21 days, at 
which time unilateral orchidectomy was performed and treatment with 
gonadotrophin (Synapoidin) was begun. 

Only five mature depleted rats reared in this way were available. One of 
these, treated with Synapoidin, accidentally received some zinc, as shown by 
zinc concentration of ileum and histological appearance of the oesophagus. 
This rat was discarded, leaving only one animal in the gonadotrophin-treated 
group. Nevertheless, the results of this experiment have been included because 
it will not easily be repeated. 

Treatment with Gonadogen was continued in experiment 1 for 13 days and 
in experiment 2 for 28 days. In experiment 3 treatment with Synapoidin con- 
tinued for 21 days (Tables II and III). 


Effect on General Condition of Animals 

In all gonadotrophin-treated rats, the body weights, the ileum zinc concen- 
trations, and the histological appearance of the oesophagi were similar to those 
in the untreated zinc-deficient rats. Both treated and untreated rats appeared 
typically zinc-deficient. In the zinc-replacement groups, zinc concentrations of 
the ilea and the histological appearance of the oesophagi were similar to those 
found in rats receiving adequate zinc. Body weights were much increased after 
zinc replacement (1) but were still below normal in experiment 1, where the 
treatment period was only 13 days (Table II). 


Effect of Treatment on Reproductive Organs 

In every experiment, histological examination of the testes in the gonado- 
trophin-treated rats showed extensive interstitial cell proliferation. It is there- 
fore assumed that in zinc-deficient rats gonadotrophin injections stimulated the 
production of androgens and hence produced rapid growth of the dorsolateral 
prostates and epididymes (Table II). The growth of accessory sex organs in 
the zinc-replacement groups of experiments 1 and 2, although significant, was 
much less than that observed in the Gonadogen-treated rats. In experiment 3 
with older rats, accessory sex organ weights were similar in Synapoidin and 
zinc-treated rats. Testicular interstitial cell growth in all rats receiving zinc 
never seemed as great on histological examination as that observed in the 
gonadotrophin-treated animals. 

In all experiments testis, epididymis and dorsolateral prostate zinc concentra- 
tions (Table II) were low in the gonadotrophin-treated rats and were nearly 
always similar to those found in the untreated zinc-deficient rats. In experi- 
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ment 2, epididymis zinc concentrations were significantly higher in the un- 
treated rats than in the Gonadogen-treated group. 

Zinc replacement invariably produced a small increase in the testis zinc 
concentrations and the means obtained after treatment were at a level normal 
for adult rats. Zinc concentrations of epididymides after zinc replacement were 
normal for adult rats only in experiment 3. Rather low values were observed 
for epididymis zinc in experiments 1 and 2, but this was not unexpected since 
the sperm contents of the epididymes were abnormally low. Sperm normally 
contains a very high concentration of zinc (4). 

Dorsolateral prostate zinc concentrations, although always somewhat higher 
in rats treated with zinc than in those receiving gonadotrophins, did not reach 
normal levels. 


Effect on Testicular Development 

(a) Testes Immature before Treatment 

The administration of gonadotrophins to zinc-deficient rats stimulated the 
growth and possibly the rate of development of testicular germinal epithelium 
in the absence of supplementary zinc when testes were immature. This was 
demonstrated (Table III (a)) in four rats having immature testes before treat- 
ment was begun (experiment 1). The testes of these animals grew and matured 
during the 13 days of gonadotrophin treatment in spite of the zinc deficiency. 
None of the untreated rats in experiment 1 had mature testes at the end of the 
experiment. Zinc replacement for 13 days produced only one mature testis 
from four rats having immature testes before treatment. 

Once spermatogenesis had started subsequent gonadotrophin treatment did 
not prevent atrophy of the germinal epithelium in zinc-deficient rats. In 
experiment 2 (28 days treatment) the immature testis in one rat matured but 
eventually atrophied during the gonadotrophin treatment. Small numbers of 
sperm were found in the epididymis post mortem. In the untreated group of 
experiment 2, one rat had a testis which was mature with atrophy, while the 
other two rats had testes which were still immature at death. The one rat 
receiving zinc and having an immature testis before treatment had a recently 
matured testis after treatment. 

In both experiments with Gonadogen and weanling rats, testis growth was 
considerable in immature organs during either gonadotrophin or zinc treatment 
but was always somewhat greater with the former. Testis growth was negligible 
in most untreated rats in experiment 1, and in experiment 2 it was less than in 
the treated groups. 


(b) Testes ‘‘Early-mature’’ before Treatment 

In two rats of experiment 1 (Table III (6)) having recently matured testes 
before treatment, these organs showed little or no increase in sperm production 
but did not atrophy during the 13 days of gonadotrophin treatment. Atrophy 
occurred in a similar testis in experiment 2, when the treatment was more 
prolonged (28 days). 


Testes in the zinc-replacement groups showed a greater increase in weight 
than those in the gonadotrophin-treated groups. In experiment 1, there was 
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no change in the histological appearance of the testes or in the sperm content of 
the epididymides after 13 days of zinc treatment. In experiment 2, treatment 
with zinc for 28 days caused an increase in the number of sperm observed 
histologically in the epididymis over those seen in the organ removed before 
treatment. The testes were fully matured. 


(c) Testes Mature before Treatment 

Mature testes which, according to observations made on the specimens taken 
at the preliminary orchidectomy, had not begun to degenerate as a result of 
zinc depletion, were not maintained in a healthy condition by gonadotrophin 
treatment. In one rat receiving Gonadogen for 28 days in experiment 2 and in 
one rat receiving Synapoidin for 21 days in experiment 3 (Table III (c)), the 
testes were smaller and showed marked atrophy after treatment. Similar 
changes occurred in the one untreated rat from experiment 3. Zinc replacement 
to two rats in experiment 3 caused an increase in sperm production and possibly 
a slight increase in weight. 


(d) Testes ‘‘ Mature with Atrophy” before Treatment 

Only one rat from the gonadotrophin treated group of experiment 2 was in 
this category. The testicular atrophy present before treatment was not arrested 
or alleviated during gonadotrophin treatment (Table III (d)). The testis re- 
moved after treatment was slightly heavier than the one removed before 
treatment. 

To summarize, the administration of gonadotrophins to zinc-deficient rats 
produced a marked proliferation of testicular interstitial cells and growth of 
accessory sex organs. There was an increase in the rate of growth and possibly 
the rate of development of the immature testes, but in mature testes the 
injected gonadotrophins did not prevent the atrophy of spermatogenic tubules 
that occurred as a result of the zinc deficiency. 


Discussion and Conclusions 


In zinc-deficient rats, the dorsolateral prostate and other accessory sex organs 
grew rapidly under the stimulation of injected testosterone propionate or the 
endogenous androgens produced as a result of gonadotrophin injections. These 
results support the hypothesis that dietary zinc deficiency causes a reduction in 
pituitary gonadotrophin output and a consequent fall in androgen production. 
The previous food restriction experiments (1) indicated that this effect is due 
to the severe inanition that accompanies zinc deficiency rather than to the 
metal deficiency per se. 

Zinc concentration was very low in the large dorsolateral prostate glands of 
hormone-treated rats. It appears therefore that zinc accumulation is not 
essential for the growth and development of this gland although normally zinc 
accumulates rapidly in the developing dorsolateral prostate glands of young 
rats (5). The function of the high concentrations of zinc found in the dorso- 
lateral prostate glands of adult rats remains difficult to explain. Gunn and 
Gould (6) have recently shown conclusively that excision of the dorsolateral 
prostate gland, and hence the removal of high concentrations of zinc from the 
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seminal fluid, did not reduce fertility or fecundity in rats. They suggested that 
the high concentration of zinc in this gland may be “archaic’’, i.e. an evolu- 
tionary residue no longer of functional importance. 

The results of the food restriction experiments previously reported (1) 
suggested that the testicular atrophy produced in zinc deficiency was due 
directly to an inadequate supply of zinc. The gonadotrophin experiments just 
described support this theory. The evidence cannot be considered conclusive for 
we have only a few observations and it is impossible to know to what extent the 
injected gonadotrophins, being foreign proteins and of arbitrary dosage, can 
be regarded as physiological replacement of the deficient endogenous pituitary 
hormones. Our results suggest that spermatogenesis cannot be maintained or 
testicular tubular atrophy prevented without the presence of adequate zinc, 
but that the decreased growth and rate of maturation of immature testes in 
zinc-deficient animals is probably due mainly to gonadotrophin deficiency and 
not specifically to zinc deficiency. 

It appears that relatively large quantities of zinc are essential in the testis 
only after sperm production has started. This implies that the high concentra- 
tions of zinc in sperm (4) are attained during the final stages of sperm matura- 
tion. A similar suggestion was made by Wetterdal (7) as a result of his work on 
the rate of uptake of radioactive zinc by rat testis. The rapid attainment of 
high concentrations of zinc in testicular sperm would account for the small but 
consistent increase in the zinc concentration of rat testes occurring at sexual 
maturity (1). 

The hormone experiments, together with the zinc deficiency and restricted 
feeding tests previously reported (1), have indicated that the only specific 
effect of dietary zinc deficiency on the male reproductive system in rats is to 
arrest spermatogenesis and cause atrophy of the germinal epithelium. Retarded 
growth and development of the genital organs appears to be due to a reduction 
in the output of pituitary gonadotrophins resulting from the severe inanition 
in the zinc-deficient rats. Thus we suggest that the presence of sufficient zinc 
for incorporation of high levels of zinc into spermatozoa is essential both for the 
complete development of individual sperm and for the maintenance of the 
germinal epithelium. On the other hand it has been shown that the accumula- 
tion of high concentrations of zinc in the dorsolateral prostate is not necessary 
for the survival or growth of this tissue. 
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ISOMERIZATION OF VITAMIN A BY TISSUE HOMOGENATES' 


D. W. STAINER? AND T. K. MuRRAY 


Abstract 


Homogenates of liver, intestinal mucosa, and kidney were shown to catalyze 
the conversion of 11-cis to all-trans vitamin A. The liver contained the most 
active system and converted approximately 42% of the 11-cis in a 3-hour incuba- 
tion. Intestinal mucosa and kidney preparations promoted conversions of 20% 
and 9% respectively. Only liver homogenates had an appreciable effect on the 
13-cis isomer and caused a 15% conversion to all-trans vitamin A. The activity 
of all preparations was destroyed by boiling and renewed by the addition of 
unboiled homogenate. The extent of isomerization was dependent on the con- 
centration of both homogenate and vitamin A. These results are compared to 
those found in vivo. 


It has been shown (1, 2, 3) that when 11-cis and 13-cis vitamin A were given 
orally to rats there was some conversion to all-trans in the intestinal tract. 
A portion of these cis isomers was absorbed and stored in the liver but was 
rapidly replaced by all-trans vitamin A. It was not clear from these experiments 
whether the conversion to all-trans took place in the liver or elsewhere in the 
body. Hubbard (4) described an enzyme of cattle retinas and frog pigment 
layers which catalyzed the interconversion of all-trans and 11-cis retinene. 
This system was unable to convert isomers of vitamin A and was inactive with 
respect to isomers of retinene other than 11-cis and all-trans. No such system 
has been isolated from other parts of the body. 

It is the purpose of this investigation to examine the activity of homogenates 
of liver and other tissues in the interconversion of 11-cis, 13-cis, and all-trans 
vitamin A. 


Experimental 


Two young male vitamin-A-deficient rats were used in each of the experi- 
ments described. They were killed by decapitation, and the livers, kidneys, and 
intestines removed. The livers and kidneys were blotted dry on filter paper 
until free of blood and then cut into small pieces. The first 24 inches of the 
intestines were cut into pieces about 4 inches long. These were slit longitudin- 
ally, laid flat on a Petri dish, and the intestinal mucosae were removed by 
gentle scraping with the back of a scalpel blade. 

The tissues were homogenized by the method of Glover and Green (5) and 
fractionation was carried out at —5° C using a Lourdes refrigerated centrifuge 
model LR. The cell debris and nuclei were spun down at 750 g for 10 minutes, 
the supernatant poured off, and the pellet resuspended and spun again. This 
procedure was repeated. The supernatant and washings were then spun at 
32,000 g for 60 minutes; this centrifuging caused a composite mitochondrial— 
microsomal pellet to form. In preliminary experiments with liver tissue, 
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activity was found in all the cell fractions and, in the experiments reported here, 
the combined mitochondria—microsomes were used. 

The pellet was suspended in 40 ml of the medium described by Krebs (6). 
A 5-ml aliquot of the mitochondrial—microsomal suspension was pipetted into a 
50-ml Erlenmeyer flask and 9 ml of the medium and 1 ml of a water dispersion 
of vitamin A were added. Dispersions of all-trans, 11-cis, and 13-cis vitamin A 
were prepared to contain 1500 I.U./ml as previously described (3) except for 
the omission of tocopherol. The flasks were placed on a mechanical shaker and 
incubated in the dark at 37° C. In preliminary experiments incubation periods 
of 3, 24, and 48 hours were used. After 3 hours little change occurred and the 
results reported here are all based on a 3-hour incubation. After incubation, 
15 ml of ethanol were added and the samples were stored in the dark at —20° C 
until analyzed. 

Vitamin A was extracted with two 50-ml portions of petroleum ether and 
determined with the antimony trichloride method. The method of Robeson 
and Baxter (7) which distinguishes between “‘slow-acting”’ (11-cis, 13-cis) and 
“‘fast-acting”’ (all-trans, 9-cis) isomers was used to estimate 11-cis and 13-cis 
content. In this paper it has been assumed that all-trans was the only ‘“‘fast- 
acting’’ isomer formed in appreciable amounts. The results of Hubbard (4) and 
Plack (1) indicate that this is probably the case. With each experiment at 
least two incubations were made in which 5 ml of medium was added to the 
incubation flask in place of the mitochondrial—microsomal suspension to give a 
value for spontaneous isomerization. 


Results 


Table I shows the results obtained with the various tissues. Each value is 
the mean of two separate incubations and determinations and was calculated 
by correcting the percentage cis-isomer content of each incubate by the appro- 
priate blank value and subtracting the result from 100. Liver tissue converted 
both 11-cis and 13-cis vitamin A to the all-trans form, 11-cis to the extent of 
37% to 54% and the 13-cis isomer from 13% to 17%. From 6% to 7% cis 
isomer was formed by incubation of all-trans vitamin A with liver homogenates. 
Intestinal mucosa converted 11-cis to the all-trans form to the extent of about 

0% but had little effect on the 13-cis and all-trans vitamin A. Kidney tissue 
was active only in the conversion of 11-czs to all-trans, which it did to the extent 
of 8% to 10% 

The data of Table II indicate that boiled liver homogenates lost completely 
their ability to catalyze the conversion of 11-cis and 13-cis isomer of vitamin A 
to the all-trans form. When fresh tissue was added, the usual degree of con- 
version was obtained. The slight conversion of all-trans to a cis isomer was not 
influenced by heating the homogenates. 

The effect of varying the concentration of both cell suspension and the 
vitamin A is illustrated in Table III. The conversion of 11-cis to all-trans 
vitamin was increased by increasing the cell concentration or by decreasing 
the vitamin A. Decreasing the cell concentration or increasing the vitamin A 
had the opposite effect. 
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TABLE I 


Isomerization of vitamin A by rat tissue homogenates 








Isomer incubated 



































11-cis 13-cis All-trans 
Tissue Expt. Conversion to all-trans in % 
Liver 1 38 — — 
2 43 — — 
3 36 _— — 
4 54 — — 
5 40 15 —6 
6 49 17 —7 
7 37 15 —6 
8 — 13 ~~ 
Mean 42 15 —6 
Intestine 1 19 0 —2 
2 20 5 —2 
Mean 20 3 —2 
Kidney 1 10 0 —4 
2 8 0 —1 
Mean 9 0 —3 
Blank Mean of all 
experiments 0 3 0 
TABLE II 
Effect of boiling on the activity of liver tissue in 
the isomerization of vitamin A 
Conversion to all-trans in % 
Isomer Boiled homogenate + 
incubated Experiment Boiled homogenz ate fresh tissue 
ll-cis .- -. - ; 43 
2 0 44 
3 0 48 
4 0 51 
13-cis 3 2 40 
4 0 12 
All-trans 3 —3 = 4 
Pea a —10 
TABLE III 


Effect of liver tissue and vitamin A concentration on the 
isomerization of 11-cis to all-trans vitamin A 








Cell concentration 














Ct C/5t 
Substrate — 
units of 11-cis* E xperiment Conversion to all-trans in % 

~~ 2000 1 48 27 

2 38 29 

1000 1 61 37 

2 48 33 

500 1 57 53 

2 59 32 





*Determined by SbCl, reaction. 
= concentration normally used. 
C/S = 1/5 normal concentration. 














1470 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 38, 1960 


Discussion 


These experiments demonstrated that certain tissues were capable of catalyz- 
ing the conversion of 11-cis and 13-cis vitamin A to the all-trans form. This 
activity was destroyed by heat and the extent of the conversion achieved 
depended on the concentration of both tissue and substrate. The maximum 
isomerization observed after 3 hours of incubation in the dark was the 42% 
conversion of 11-cis to all-trans vitamin A by liver tissue although this was 
surpassed in individual experiments especially when the cell-to-vitamin ratio 
was increased. Intestinal mucosa and kidney tissues were about one-half and 
one-fifth as active as liver tissue in this respect. The 13-cis isomer was more 
stable and was not converted to all-trans by any tissue except liver, which did 
so to the extent of only 15%. These results agree with those of Hubbard (4) 
in that the greatest conversion was that of 11-cis to all-trans vitamin A. 
However, Hubbard’s enzyme, isolated from eye tissue, was completely inactive 
in the isomerization of vitamin A and required retinene as substrate. There is 
no information concerning the activity of liver tissue in the interconversion of 
isomers of retinene. 

Previous experiments (2, 3) with the intact rat indicated that the more 
potent 13-cis isomer was more fully converted to all-trans vitamin A in the 
intestinal tract than was the 11-cis isomer. The rate at which these isomers 
disappeared from the liver was not notably different. Thus the in vivo and in 
vitro results do not agree on the extent to which these two cis isomers were 
converted to the all-trans form. The results with tissue homogenates are in line 
with the fact that the 11-cis isomer is the most unstable, thermodynamically, 
of the vitamin A isomers. Biological potency does not seem to be related to 
the ease with which cis isomers are converted to trans in vitro and other factors 
undoubtedly influence the results observed in the intact rat. 
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STEADY-STATE OXIDATION OF GLUCOSE 
IN THE DIABETIC RAT! 


Dorotuy S. Dow anp C. E. ALLEN 


Abstract 


The single intraperitoneal injection of a labelled glucose load has been shown 
to maintain the specific activities of blood glucose and expired CO: at constant 
levels for extended periods of time. These plateaus have been established in 
both the fed control and the fed diabetic rat. The results have been interpreted 
as indicating the existence of a steady state in the labelled system under study. 

Measurements have been made of rates of oxidation of glucose-1-C!* and 
glucose-6-C!4 in diabetic and control rats during this steady state between the 
specific activities of blood glucose and expired CO2. The results indicate no 
reduction either for the glycolytic or for the phosphogluconate pathway in the 
diabetic. No change in the ratio between the oxidative rates for the two path- 
ways has been found. 


Introduction 


Many workers have shown that when control or diabetic rats are given a 
single intravenous injection of labelled glucose, the specific activity of plasma 
glucose declines exponentially, because tagged sugar is progressively replaced 
by relatively non-labelled glucose (1-3). Concurrently with this, the curve 
for the specific activity of expired CO at first rises gradually and then, after 
reaching a peak at approximately one hour, declines with a slope somewhat 
less than that for glucose. As pointed out by Stetten ef al. (4), the contour 
of this curve for the specific activity of CO2 is incompatible with the assump- 
tion of a single pool model which was made by earlier workers (1,5). Constant 
intravenous infusion of C'-glucose produced a continuous but varying in- 
crease in the specific activity of the expired CO... Consequently, using this 
technique, an arbitrary time for comparison of specific activities had to be 
selected (4). Recalculation of earlier data, according to the formula describing 
classic parent—daughter relationship in radioactive decay in a two-pool 
system, indicated that the single-injection and constant-infusion methods for 
studying glucose oxidation rates produced comparable results (6). But the 
above classic formula assumes that enrichment and dilution of the second 
pool are accomplished without entrance of diluting material except from the 
first pool. Since this is not so for respiratory COs, Baker ef al. (3) and Shreeve 
et al. (7) employed a technique which involved comparison of the glucose 
curve maximum with the maximum value for a theoretical curve for glucose 
which assumed glucose to be the sole source of CO, (the 100% COs curve). 
The value at the maximum was compared with the glucose curve value at the 
same time. However, as these workers pointed out, an appreciable delay 
in the intermediate pathways would tend to shift the curve for the specific 
activity of CO.; thus the maximum and the contour of the curve would be 
altered from that of the classic two-pool system. Such a delay, indeed, is 
obvious in the relationship between the two specific activity curves for glucose 

1Manuscript received June 21, 1960. 
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and CQ2:; the relationship is compatible with that of a two-pool system, each 
pool with a turnover time of appreciable magnitude. 

From the foregoing it is apparent that the techniques employed have not 
allowed precise assessment of rate of glucose oxidation and the contradictory 
results which have been reported for the diabetic confirm this statement. 
Only if a proved steady state is established can an accurate measurement of 
this rate be obtained. To this end a labelled sugar load was given intra- 
peritoneally in order to provide a labelled reserve of carbohydrate for tagged 
blood glucose maintenance. This technique was applied in a comparison of 
rates of glucose oxidation of diabetic and control rats. 


Materials and Methods 


The test animals were male albino rats whose average body weights for 
treatment groups ranged between 50 and 80 g. Fox cubes and water were 
offered ad libitum up to the time of sampling. Diabetes was established by 
the intraperitoneal injection of an aqueous solution of alloxan (200 mg/kg 
body weight) following a 40-hour starvation period. It was found that the 
chronically diabetic rat accumulated relatively large volumes of abdominal 
fluid. This unfavorable condition was corrected by maintaining the treated 
rats on insulin for 2 weeks, insulin being withdrawn 72 hours before use of the 
animal. Environmental temperature was controlled. 

Different groups of diabetic and control rats were used for separate collec- 
tions of blood glucose and expired CO, following the intraperitoneal injection 
of a labelled glucose load. The injection solutions, which were always of 
similar specific activity, consisted of either glucose-1-C"™ or glucose-6-C'* made 
up in 5% unlabelled aqueous glucose. The injected dose consisted of 150 mg 
glucose; the total radioactivity administered was approximately 3 X10 c.p.m. 
as measured in a windowless gas-flow counter. The specifically labelled glucose 
isotopes were obtained from Merck & Co. Ltd., Montreal. Blood glucose 
concentration and rate of expired CO, production were measured, as well as 
their specific activities after glucose-C™ administration. 


Measurement of Specific Activity of Blood Glucose 

Following injection of the labelled glucose load, different groups of three 
rats were individually bled at 15-minute intervals up to a period of 2 hours. 
A brief warming of the rat ensured the securing of 0.5 ml of blood from the 
tail vein. Total glucose content was determined by the method of Mendel 
et al. (8). 

Interfering silver ions were removed from the deproteinized blood filtrate 
by precipitation as the chloride. Exactly 10 mg carrier glucose was added to 
appropriate aliquots of this filtrate and the phenylosazones were prepared. 
After the addition of recrystallized phenylhydrazine hydrochloride and 
sodium acetate to give respectively 1 M and 1.5 M concentrations, the solu- 
tions were heated in a boiling water bath for 2 hours, then allowed to cool 
slowly and to crystallize overnight at 5° C. The crystals were washed succes- 
sively with distilled water and warm ethyl ether, then dissolved in hot alcohol. 

















DOW AND ALLEN: GLUCOSE OXIDATION IN RAT 1473 


An equal volume of warm water was added, and the solution was allowed to 
cool slowly to room temperature. Crystallization was allowed to continue 
overnight at 5° C. The crystals were transferred to tared aluminum planchets 
and radioactivity was measured in a gas-flow counter. Corrections for self- 
absorption were applied according to Karnovsky ef al. (9). Phenylosazone 
melting points ranged from 205 to 212° C, indicating a satisfactory degree of 
purity. 

Measurement of Specific Activity of Expired Carbon Dioxide 

The respiration apparatus used was essentially that described by Gidez 
(10). Dry, CO.-free air was drawn into the system by a vacuum pump at a 
rate controlled by a flowmeter and diffused through a fine mesh grid beneath 
a platform supporting the test animals. Silica gel prevented accumulation of 
moisture in the animal chamber. Two sets of interchangeable gas-washing 
bottles containing NaOH allowed the removal of samples without interruption 
of the gas flow. A terminal bottle containing Ba(OH). indicated the efficiency 
of CO, absorption. 

Immediately after receiving an intraperitoneal injection of radioactive 
glucose three rats were placed in the respiration chamber, and samples were 
removed at 30-minute intervals over a period of 5 hours. No samples were 
collected for the initial 30-minute interval. 

Carbon dioxide was recovered as BaCO;. Total carbonate values were 
obtained by titration or by a manometric technique, and these were in good 
agreement. Pads were prepared by filtration on filter paper, then transferred 
to plastic disks for counting. Corrections were made for self-absorption. 


Results 


It is apparent in Figs. 1 and 2 that the intraperitoneal injection of a labelled 
sugar load into both control and diabetic rats has maintained the specific 
activities of the blood glucose at constant levels for extended periods of time. 


@ GLUCOSE-1-c'4 
© GLUCOSE-6-C 14 


SPECIFIC ACTIVITY OF EXPIRED CO, 
% INJECTED C'4PER 100G BODY WT. 
RECOVERED AS CO, PER MILLIMOLE CO, 





L3 
0.1 ae es ee ae ae eee a oe 





RECOVERED AS BLOOD GLUCOSE PER MG GLUCOSE 


SPECIFIC ACTIVITY OF BLOOD GLUCOSE 
% INJECTED C14 PER 100G BODY WT. 


0 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 
HOURS AFTER INJECTION OF LABELLED GLUCOSE LOAD 


Fic. 1. Specific activities of blood glucose and expired CO: of control rats following 
injection of a labelled glucose load. 
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Fic. 2. Specific activities of blood glucose and expired CO, of alloxan diabetic rats 
following injection of a labelled glucose load. 

Although the animals in each treatment group received 150 mg glucose by 
injection, the plateau in specific activity persisted during a longer interval in 
the diabetic than in the control. This effect is probably the result of a larger 
pool of body glucose, which is known to be characteristic of diabetes. There 
was no significant difference in the specific activities of the two isotopes, 
although the experiments for each isotope were conducted with different 
animals. The large difference in the heights of the plateaus for the two treat- 
ment groups is probably due to steady dilution of the plasma label by un- 
labelled glucose because of gluconeogenesis in the diabetic. 

It may be noted in Table I that the 150-mg sugar load has had a variable 
effect on blood glucose concentration. When compared with non-injected 
rats for the same treatment group, the blood glucose levels of the injected 
controi and diabetic rats have been raised in a large number of cases; and this 
variable effect is apparent throughout the 2-hour period. 

Figs. 1 and 2 also show plateaus for the specific activities of the expired CO, 
for control and diabetic rats following the intraperitoneal injection of a iabel- 
led glucose load. Each graph shown is composed of data from two trials. 
As with the specific activity of the blood glucose, the plateau in the specific 
activity of the expired CO, for the diabetic rat was lower than and persisted 
longer than the plateau for the control. The maximum specific activity of the 
expired CO, appears at a considerably later time in the diabetic rat than in 
the control, presumably due to delayed equilibration of a larger glucose pool. 
The injection of the glucose-6-C' has resulted in a longer delay than has the 
glucose-1-C'*. The specific activity values derived from glucose-1-C'! are 
higher than those from glucose-6-C'™ for both treatment groups. 

Table II illustrates that the CO, production rate for the diabetic rat was 
the same as that for the control rat. 

Since plateaus have occurred in the specific activities of both blood glucose 
and expired CO, for both diabetic and control rats, it is apparent that a steady 
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TABLE I 
Effect of 150-mg labelled glucose load on blood glucose level of rats 














Time 
interval 
after Control blood glucose (mg%) Diabetic blood glucose (mg%) 
injection 

(hr) Glucose-1-C!4 Glucose-6-C!* Glucose-1-C'* Glucose-6-C!4 

0.25 162 152 516 884 
145 132 732 834 
135 152 484 636 

0.50 172 142 358 884 
147 137 844 614 
137 122 234* 858 

0.75 130 127 132* 360 
157 145 312 996 
140 147 488 888 

1.00 137 117 484 920 
132 132 720 774 

— 132 784 666 

1.25 145 142 980 644 
142 132 940 868 
137 137 980 800 

1.50 145 120 566 902 
152 132 580 624 
125 120 260* 902 

L.35 132 122 174* 940 
165 120 128* 650 
137 160 478 780 

2.00 152 132 604 216* 
132 135 844 782 
132 137 710 888 





Norte: Three rats were sampled at each time interval. 

Average blood glucose values for controls without a glucose load were 122.8+6.9 mg% (S.D.). Average blood 
glucose values for diabetics without a glucose load were 527 + 28.1 mg% (S.D.). 

*These animals were not diabetic at time of sampling. 


TABLE II 
Expired CO: values of control and diabetic rats 


























Control Diabetic 
Time ——- —-- 
interval 150 g total 154 g total 159 g total 163 g total 
after body wt. body wt. body wt. body wt. 
injection — ——— 

(hr) umoles CO2/100 g/30 min umoles CO2/100 g/30 min 
0.5-1.0 3087 3075 3530 3215 
1.0-1.5 3332 4062 3649 3833 
1.5-2.0 3508 3682 3240 3593 
2.0-2.5 3805 3512 3439 3047 
2.5-3.0 3229 3407 3649 4447 
3.0-3.5 4043 3208 3240 4003 
3.5-4.0 4098 4028 3683 3729 
4.0-4.5 3056 3177 3299 3355 
4.5-5.0 3403 4124 3754 4174 
4.5 hr —— —— — —. 

total 31561 32275 31483 33396 





Note: Each column represents the production of three rats at successive time intervals. 


state between the two components has been established for both treatment 
groups. It should be valid then to assume that blood glucose is being oxidized 
directly to CO, at constant rates in the control and diabetic rats while the 
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plateaus persist. With this assumption, the rates of oxidation of body glucose 

to CO2 were calculated from the specific activity —- time curves of plasma 

glucose and CO, thus: (A XB)/C, 

where A = specific activity of expired CO: at the plateau, expressed as % of 
the injected C'*/100 g body weight recovered as CO2/mmole COs, 

B = rate of CO: production, expressed as mmole CO,/100 g/hr, 

C = specific activity of blood glucose at the plateau, expressed as % of 
the injected C'4/100 g body weight recovered as blood glucose/mg 
glucose. 

Table III shows that the rates of glucose oxidation and thus the percentage 
of CO, derived from glucose are somewhat higher for the diabetic animals 
than for the controls for both isotopes. It is apparent that oxidation is not 


TABLE III 


Glucose oxidation rates of control and diabetic rats 








Rate of glucose oxidation 








( 100 g/h CO: derived 

= Ctacewnscn  $Or Seen 
Treatment Glucose-1-C!4 Glucose-6-C'4 Glucose-6-C!4 (%) 
Control 38.7 26.6 1.45 18.2 
Diabetic 51.9 36.5 1.42 23.9 





impaired by either oxidative pathway in the diabetic. However, since only 
single values are available, a statistical test for the significance of the apparent 
increases in oxidation rates in the diabetic cannot be made. But, because the 
ratios between the rates of oxidation for glucose-1-C'* and glucose-6-C' are 
similar for both treatment groups, it is apparent that the diabetic lesion has 
not affected one oxidative pathway disproportionately. These values for the 
C,/C. ratios are in good agreement with those of Stahelin et al. (11) for the 
normal guinea pig and those of Spiro and Ball (12) for the normal rat. 


Discussion 


The intraperitoneal injection of a labelled glucose load has resulted in 
persistent plateaus with respect to the specific activities of the blood glucose 
and the expired COs. Strisower and Searle (2) reported that the intravenous 
injection of a glucose load resulted in a plateau in the specific activity of the 
blood glucose as long as the blood sugar concentration remained elevated. 
Reichard et al. (13) confirmed this finding. It was concluded that hepatic 
glucose output is largely or totally suppressed during hyperglycaemia. On the 
contrary, Steele and Marks (14) showed an undiminished rate of dilution of 
labelled blood glucose during hyperglycaemia and they concluded that the 
output of unlabelled glucose by the liver continued during the period of 
hyperglycaemia. Since there was no consistent pattern of hyperglycaemia in 
the control rats in the current trials, this condition does not appear to have 
been the causative factor for the plateau. 
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To allow the formation of a plateau in the blood glucose specific activity, 
regulatory mechanisms for the release and utilization of glucose must be 
assumed. Both the liver and the intestinal mucosa (15) have been shown to 
be concerned with regulation of glucose release. But conflicting evidence has 
been presented concerning liver storage of glucose in the diabetic. Ashmore 
et al. (16) reported decreased formation of glycogen in diabetic rat liver while 
Barker and Sweet (17) reported that the administration of excess glucose to 
the diabetic dog resulted in the deposition of appreciable glycogen in liver. 
Haft and Miller (18) showed that the diabetic rat liver disposed of large 
quantities of hexose with no increase in incorporation of acetate-1-C' into 
fatty acid. 

Recycling of C'* is considered to be insignificant when the glucose curve 
approximates a straight line (3). In normal dogs the carbon of uniformly 
tagged glucose acts as if, upon entry into the cell, it is either converted 
promptly to CO, or else it is diverted to pathways of such length that it does 
not ever become CO, during the 5 hours of the experiment (19). 

The interpretation of the C,/C. ratios which have been presented is based 
on the widely accepted assumption that no difference will occur in the rate at 
which carbon 1 and carbon 6 are metabolized to CO: by the glycolytic cycle, 
whereas carbon 1 will be preferentially metabolized to CO. in the phospho- 
gluconate pathway. This assumption seems reasonable for a relatively short 
time interval after the injection of the labelled glucose. 

If this assumption is correct, then the demonstration of a steady state 
between blood glucose and expired CO: should allow a comparison to be made 
between the rates of oxidation of glucose by the two oxidative pathways. A 
steady state has been demonstrated in these trials, and it has been shown that 
the rate of glucose oxidation to CO: by either pathway has not been reduced 
in the diabetic rat when compared with control values. Also, the ratio between 
the two rates of oxidation is not different from that of the controls. Since no 
alteration occurred in the total CO, production in the diabetic rat, it is ap- 
parent that the proportion of COs: arising from glucose via both oxidative 
pathways is not reduced. 

Wide variations have been reported for both normal and diabetic oxidation 
rates using the different techniques mentioned in the introduction (1-6). 
However, these data were not derived from animals in which the labelled 
glucose and expired CO: were in a steady state. 

The findings are in agreement with those of Spiro and Ball (12), who found 
that glucose was metabolized by both the phosphogluconate and glycolytic 
pathways in the intact normal rat. They are in disagreement with the con- 
clusions of Milstein (20), who found little evidence for the occurrence of a 
pathway other than glycolysis for the utilization of glucose in the intact rat. 

The findings fail to support the conclusions of Siperstein and Fagan (21) 
and Stadie (22), who concluded that the observed defect in fatty acid synthesis 
in the diabetic liver is due to a lack of glucose oxidation via the hexose mono- 
phosphate shunt. 
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A COMPARISON OF FREE ADRENAL CORTICAL STEROIDS 
IN THE BLOOD OF A HIBERNATING AND 
NON-HIBERNATING MAMMAL! 


ARLISS DENYES AND ROBERT H. Horwoopb? 


Abstract 


White rats and hamsters were fasted and exposed to cold (6+ 1° C) for various 
periods of time. The adrenal glands were weighed and adrenal cortical steroids 
were extracted from the blood for separation by paper chromatography. 

The adrenal weight was not a reliable index of adrenal cortical activity as 
measured by the quantities of circulating hormones. Two steroid fractions were 
separated from rat and hamster blood. The fast component was identified as 
corticosterone and the slow component as an amorphous fraction. 

The adrenal cortical response to cold is different in rats and hamsters. The 
hamster does not have the typical alarm reaction and only trace quantities of 
hormones are found in the hibernating animal. Within 6 hours of arousal the 
concentrations of circulating adrenal cortical hormones have increased to or 
beyond those of the control animals. The changes in circulating adrenal cortical 
hormones of hamsters exposed to cold for varying periods of time can be correlated 
with changes in their intermediary metabolism and ion balance. 


Introduction 


No one has been able to implicate a hormone in the essential mechanism of 
hibernation (1). Alterations in the cellular metabolism of cold-exposed rats 
and hamsters, however, do occur (2, 3). It is possible, although not yet proved, 
that hormones are cofactors in intermediary metabolism (4). Therefore, the 
circulating adrenal cortical hormones in rats and hamsters have been measured 
as an initial step toward the correlation of metabolic alterations and hormonal 
changes in hibernating and non-hibernating mammals. 


Methods 


Male white rats (Wistar strain) and male golden hamsters (Mesocricetus a. 
auratus) were kept at an ambient temperature of 20+ 2° C and in a cold room 
at 6+1° C. Purina laboratory chow and water were provided ad libitum and 
only the food was removed during the fasting experiments. 

Rats to be kept in the cold for more than 1 week had their tails amputated 
as subadults 1 month before being placed in the cold room. The wound healed 
quickly and thus no problems of necrosis in the cold were encountered. 

Blood was obtained by cardiac puncture after intraperitoneal Nembutal 
anaesthesia. With hibernating hamsters no anaesthetic was necessary and 
blood was taken from the cut aorta. 

The free-circulating corticosteroids in the blood were extracted by the 
method of Bush (5). Known quantities of steroid were taken through the 
extraction process and each discarded fraction was chromatogrammed. None 

‘Manuscript received May 31, 1960. 
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of the discarded fractions had measurable quantities of steroid. A 95 to 97% 
recovery of the known amount of steroid was achieved. 

The extract was chromatogrammed according to the method of Bush (5). 
A single lot of Whatman No. 4 paper was washed in a benzene—methanol- 
water solvent which removed considerable fluorescent material. A benzene- 
methanol—water mixture (2:1:1) was equilibrated in a closed chamber at 
35 +0.5° C for 8 hours. The chromatogram was placed in the chamber without 
touching the solvent for 12 hours of equilibration at 35+0.5° C. Following 
this, sufficient benzene to cover the tab of the chromatogram was added to 
the chamber through a stoppered hole in the top. Separation of the cortical 
steroids was obtained at 35+0.5° C for 5 hours. In order to overcome the 
interference of impurities, the chromatograms were sprayed with 10% NaOH 
in 60% aqueous methanol and dried for 2 minutes at 70 to 75° C. After this 
treatment the steroids gave a brilliant yellow fluorescence in ultraviolet light. 

The steroid concentration was determined by measuring the optical density 
of the chromatogram to ultraviolet light as described for amino acids by Block 
et al. (6). The chromatograms were measured within 24 hours of spraying 
with a photovolt densitometer equipped with an ultraviolet light source 
(254 my) and a }-inch aperture. The optical density was measured every 
} inch beginning at the origin and moving toward the solvent front. An 
ultraviolet density curve was prepared by plotting the optical density against 
distance from the origin (Fig. 1). Two curves were drawn from each chromato- 
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Fic. 1. A tracing of the area—density curve of a typical chromatogram under ultra- 
violet light. 


OPTICAL DENSITY 
TO ULTRAVIOLET 


gram and the area, minus the background, under each determined with a 
planimeter. The average area obtained from the duplicate curves was com- 
pared with a standard curve derived by plotting the areas of triplicate chro- 
matograms of known amounts of cortisone against the quantities used. This 
relationship is shown by Fig. 2. A maximum deviation of 10% occurred in the 
area—density readings for this standard curve. 

Bush (5) has described a 15% error for this technique of extraction and 
measurement. These present results are in agreement and only differences of 
20% or greater will be considered significant. 

The relative values for the adrenal cortical steroids in the blood were cal- 
culated as follows: 


the cortisone equivalent (standard curve) 





x 100. 


volume of blood 
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Fic. 2. The standard curve derived by plotting known amounts of cortisone against 
the areas of the ultraviolet density curves using the technique of Bush (5) and a photovolt 
densitometer. 


The amorphous fraction was not identified and is expressed‘as (+) for the 
faint and (++) for a definite spot. 

The steroids were identified on the basis of four criteria: the R; values, 
yellow fluorescence with methanolic NaOH indicative of the A4,3-keto- 
configuration (5), the Zimmerman reaction (7) for the 17-ketone group, and 
the action of the a-ketol side chain with alkaline AgNO; (7). 

The adrenal glands of each animal were removed and placed in chilled 0.9% 
saline. Fat and connective tissue were removed, the glands blotted on filter 
paper, and immediately weighed. The weights are expressed both as absolute 
values and as percentages of the total body weight. 

The following groups of animals were studied: 

Rats 

1. Control-room animals feeding ad libitum. 

2. Control-room animals fasted for 12 hours. 

3. Animals exposed to cold for 48 hours and fasted for the last 12 hours in 

the cold (cold-stressed). 

4. Animals living 2 and 4 months in the cold and feeding ad libitum. 
Hamsters 

1. Control-room animals feeding ad libitum. 

2. Animals exposed to cold for 48 hours and feeding ad libitum (cold- 

stressed). 

3. Animals in hibernation. 

4. Animals aroused in the cold and feeding ad libitum. 


Results 


The adrenal weights of the hamsters (Table 1) were not significantly different 
after prolonged cold exposure and during hibernation. The proportional 
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TABLE I 


Body weight, adrenal weight, proportional adrenal weight, relative corticosterone value, 
and amorphous-fraction component of control hamsters and hamsters kept at 
6+1° C for various periods of time 








Paired Proportional 





Body adrenal adrenal Cortico- 
No. of weight weight weight sterone Amorphous 

Group animals (g) (mg) (mg/100 g) value fraction 
Control 11 23. 4-03* 25.3%3.5 21.0+1.9 1.70+0.32 + 
48-hour cold-exposed 14 10948 25.442.9 23.242.3 1.36+0.14t - 
Hibernating 7 95411 21.04+5.7 22.3+2.3 trace to 0.38f - 
3-hour aroused 7 S748 19.342.5 22.243.7 1.2340.11f + 
6-hour aroused 7 9049 18.743.1 21.143.3 1.77+40.63 +: eg 





* Standard deviation for small numbers. 
+ Significantly different from control. 
— Material not detectable. 
+Fraction present but faint. 
+ +Fraction present as a distinct spot. 


weight increased significantly (P<0.01) after 48 hours of cold exposure. This 
was due to a general loss in body weight not shared by the adrenal glands. 
In contrast to this, the absolute adrenal weights of the control and cold- 
stressed animals were similar. 

The white rats had a greater variation in adrenal weight than the hamsters 
(Table I1). The rats exposed to cold for 2 and 4 months had significantly 


TABLE II 


Body weight, adrenal weight, proportional adrenal weight, relative corticosterone value, 
and amorphous-fraction component of control rats, fasted rats, and rats both 
fasted and non-fasted in the cold (6+1° C) 








Paired _ Proportional 





Body adrenal adrenal Cortico- 
No. of weight weight weight sterone Amorphous 
Group animals (g) (mg) (mg/100 g) value fraction 

Non-fasted 

control 7 500+42* 46.3+7.5 9.44+2.0 1.35+0.01 + 
12-hour fasted 

control | 514+59 43.94+4.6 8.6+0.8 1.63+0.24t + 
48-hour cold- 

exposed, 12- 

hour fasted 7 418+72 54.04+14.3 13.44+4.7 1.76+0.41T _ 
Non-fasted, 

2-month cold- 

exposed 7 400+30 62.346.6 15.9+2.1 1.24+0.07 + 


Non-fasted, 
4-month cold- 
exposed 7 339 +66 53.4+7.8 16.3+3.8 1.70+0.29t - 


* Standard deviation for small numbers. 
+t Significantly different from non-fasted control. 
— Material not detectable. 
+ Fraction present but faint. 
+-+Fraction present as a distinct spot. 





greater proportional adrenal weights (P<0.01) than the control animals. 
Control animals fasted for 12 hours had a slight decline in proportional adrenal 
weight. The cold-stressed group had significantly heavier adrenals than the 
fasted control animals (P <0.01), but did not differ significantly from the non- 
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fasted control animals (P =0.08). The proportional adrenal weights did not 
change in direct relation with the absolute weights among the various groups 
of rats. In the 2- and 4-months cold groups the absolute adrenal weight 
decreased with prolonged cold exposure while the proportional weight in- 
creased due to a rapid loss of body weight after 2 months of cold exposure. 
The blood of hamsters and of rats was found to contain a steroid with an 
average R, value of 0.86. This material fluoresced with methanolic NaOH, 
gave a negative reaction to the Zimmerman test, and reduced alkaline AgNO3. 
Similar results are obtained with corticosterone (5, 7). Zenker and Bernstein 
(8), using fluorometric technique, also identified the common adrenal cortical 
steroid of rat blood as corticosterone. Figure 3 represents some typical 
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Fic. 3. Chromatograms of rat and hamster blood: (O) origin, (A) amorphous fraction, 
(B) cortisone standard, (C) corticosterone, (F) solvent front; (1) from rats exposed to cold 
(6+1° C) for 48 hours and fasted for 12 hours, (2) from rats exposed to cold for 2 months, 

_ (3) from hamsters exposed to cold for 48 hours, (4) from hamsters in hibernation. 






































3 

chromatograms from four of the groups of rats and hamsters. On certain of 
the chromatograms a second spot appeared close to the origin. This material 
fluoresced with methanolic NaOH, reduced AgNOs, but failed to react with 
the Zimmerman reagent. A low Ry; of 0.05, characteristic of components of 
the amorphous fraction of adrenal gland extracts, was obtained. For present 
purposes this material is designated, therefore, as an amorphous fraction 
component. 
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There was a 20% reduction (P<0.05) of the blood corticosterone of ham- 
sters exposed to the cold for 48 hours as compared to the control value. No 
amorphous-fraction component was detected in these cold-stressed animals. 
Blood from hibernating hamsters had no detectable amorphous-fraction com- 
ponent and the corticosterone concentration was 77% less than that of the 
control animals. Hamsters aroused from hibernation for 3 hours had 69% 
more circulating corticosterone than the hibernating animals. Hamsters 
aroused from hibernation for 6 hours had variable corticosterone concentra- 
tions but the average value was similar to that of the control animals. These 
animals also had a marked amorphous fraction spot. 

There was a 20% increase in blood corticosterone of rats that were fasted 
for 12 hours but not exposed to cold (P<0.02). When the rats were exposed 
to cold and also fasted the blood corticosterone remained significantly greater 
than the non-fasted control value. The rats exposed to cold for 2 months had 
particularly uniform blood corticosterone concentrations which were lower than 
any other group but not significantly different from that of the non-fasted 
control animals. There was a definite increase in the amorphous-fraction 
component in the blood of rats exposed to the cold for 2 months. After 4 
months of cold exposure, the amorphous fraction component was not detect- 
able in the rat blood and the corticosterone concentration was as high as that 
of the fasted, cold-stressed animals. 

Abrupt exposure to cold accompanied by fasting caused a significant in- 
crease in the corticosterone concentration of rat blood. Hamsters exposed to 
cold for a few days, but not fasted, had a significant decline in blood corticos- 
terone as compared to their control value. Thus, fasting alone causes an 
increase in the blood corticosterone in rats and this effect may be slightly 
augmented by cold exposure, while in hamsters cold exposure alone causes a 
significant decline in blood corticosterone. 

Fasting had no effect on the presence of the amorphous-fraction component 
in the blood of control rats. This fraction is detectable neither in the blood of 
cold-stressed rats nor cold-stressed hamsters. The greatest quantity of amor- 
phous-fraction component was found in the blood of hamsters aroused for 
6 hours and in non-fasted rats exposed to cold for 2 months. These two groups 
are comparable in terms of the number of weeks spent in the cold. Therefore, 
alterations in the amorphous-fraction component are similar in rats and 
hamsters. 

The two steroid fractions in rat, but not in hamster blood, vary indepen- 
dently. This suggests that in the rat each one has its own release mechanism. 

The blood corticosterone concentration cannot be predicted from the pro- 
portional adrenal weights. For example, there was no significant change in 
the proportional adrenal weight of cold-stressed hamsters as compared to 
control animals but the blood corticosterone value was lower than that of the 
control animals. Similarly, fasted control rats had a slight decline in gland 
weight and a higher blood corticosterone value than non-fasted control rats. 
With the fasted, cold-stressed rats there was a gain both in adrenal weight and 
in corticosterone value. 
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Discussion 

The adrenal hypertrophy found in the cold-exposed rats has been reported 
previously by Emery et al. (9), Katsh et al. (10), Deane and Lyman (11), and 
Héroux and Schonbaum (12). The gain in weight of the gland has been 
attributed to an increase in the width of the cortical zona fasciculata in which 
the bulk of the steroid production is thought to occur. Similarly, the changes 
in adrenal weight in the hamster are in agreement with those reported by 
Deane and Lyman (11). It is typical of the cold-exposed hamster to exhibit 
no enlargement of the adrenal gland nor major histological changes on initial 
and prolonged exposure to cold. 

These observations on gland size would suggest a high adrenal cortical 
steroid level in the cold-exposed rat and a lower level in the cold-exposed 
hamster. This hypothesis presupposes that hypertrophy implies hyper- 
activity. These present results do not support this hypothesis. The weight 
of the adrenal gland is not a reliable index of the circulating level of adrenal 
cortical hormones in cold-exposed rats and hamsters. 

The blood corticosterone concentrations of hamsters are in agreement with 
the conclusions of Deane and Lyman (based on histochemical techniques) 
only inasmuch as the control and acclimated animals present a similar picture. 
In the 48-hour cold-exposed and hibernating hamsters there is a significant 
decrease in the corticosterone level which is not indicated by the histochemical 
techniques. The very low corticosterone concentration of the hibernating 
hamster is not unexpected in view of the low metabolic rate of the tissues at 
that time. The rapid increase of both the corticosterone and the amorphous- 
fraction component during arousal is in keeping with the remarkable increase 
in metabolic rate characteristic of the arousing hamster. Within 3 hours the 
corticosterone concentration of the cold-stressed hamster is achieved, and by 
6 hours a concentration similar to that of a control animal is reached. This 
return to normal blood steroid levels could be accomplished by the storage of 
steroid just previous to hibernation followed by immediate release or by a 
high rate of production during the arousal period. Suomalainen (13) demon- 
strated a storage of materials in the hypophysis of the hibernating hamster 
but Deane and Lyman (11) did not find an accumulation of products in the 
adrenals of such animals. It would appear, therefore, that the arousing ham- 
ster synthesizes adrenal cortical steroids at a rapid rate under the influence of 
the pituitary, and thus achieves a normal blood concentration within 6 hours. 

The production of amorphous-fraction component in hamsters aroused for 
6 hours is excessive as compared to the other groups. A potent mineralocor- 
ticoid has been demonstrated in rat blood at the R; value expected from the 
amorphous fraction (14). Aldosterone, an amorphous-fraction component, 
greatly influences the plasma and urine electrolyte concentrations by promot- 
ing the retention of Nat (15, 16). According to Denyes and Hassett (2) the 
urinary K+ of the acclimated hamster is twice that of the Na* concentration. 
The cold-stressed hamster, in which no amorphous fraction was detected, 
excreted less K*+ and more Nat in the urine. This relation between low 
amorphous-fraction component and loss of Nat is found in the hibernating 
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hamster where a large amount of Nat* accumulates in the bladder. In hiberna- 
tion the loss of both ions is very high and the effect of low temperature on the 
cell membrane has to be considered. On the whole, however, the pattern of 
Nat and K* excretion and the amount of amorphous-fraction component in 
the blood of hamsters in the cold appear to be directly related. 

Both corticosterone and aldosterone stimulate glycogenesis (17). The aver- 
age total carbohydrate in the liver of the control hamsters is 8.2%, of cold- 
stressed hamsters 2.2%, of 3-week acclimated hamsters 2.6%, of hibernating 
hamsters 2.7%, and of 6-hour aroused hamsters 5% (18). During the early 
period of arousal, this stored carbohydrate is used (19). The low level of 
steroid in the hibernating hamster would encourage the glycogenolysis during 
early arousal, whereas the high level of steroid in the 6-hour aroused animal 
would stimulate glycogenesis. The low concentration of the steroids in the 
cold-stressed hamster may be one factor which influences the drastic depres- 
sion in hepatic glycogenesis. 

The changes in blood corticosterone concentration of the rats exposed to 
cold for varying periods of time are described by the general adaptation 
syndrome of Selye (20). The ‘‘alarm reaction’’ is not evident in the hamster. 
The adrenal cortical steroid concentration fell below that of the control 
hamsters rather than increasing as in the rat. If the 6-hour aroused hamsters 
can be considered as acclimated animals, then this group also does not fit 
Selye’s description of the typical “stage of resistance’. These acclimated 
hamsters had steroid levels as high as those of the control animals. 

Regardless of these differences in adrenal cortical response to cold both the 
rat and the hamster maintain a thermogenesis adequate for survival in the cold 
for many months. According to the biochemical feedback hypothesis of 
Potter (21) a change in a metabolite or hormone concentration could affect 
the production and nature of the cellular enzymes. This would provide true 
enzymatic adaptation to new conditions. Evidence of this kind of adaptation 
is shown in the work of Masoro and co-workers on cold-exposed white rats and 
is summarized in a recent publication (4). This adaptation occurs during the 
initial stages of cold exposure in the white rat. The adrenal cortical hormones 
are capable of participating in enzymatic adaptation (21, 22). Therefore, the 
dissimilar adrenal response of the rat and hamster during cold exposure 
suggests that each species develops different enzymatic relations in the cold. 
Although hibernation is a complex process, it is possible that the lack of 
adrenal cortical ‘“‘alarm reaction” and the consequent difference in the nature 
and timing of the general metabolic alterations may be a reflection of the 
ability of the one species to hibernate. 
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CATALASE LEVELS AND RADIOSENSITIVITY OF LIVER CELLS! 
D. K. MYERS 


Abstract 


Following exposure of regenerating liver to 580 r X radiation at a time when 
the average amount of DNA per cell nucleus has reached 1.6 times the normal 
value, the usual increase in number of cell nuclei was retarded while the average 
amount of DNA per cell nucleus continued to rise until it approached twice the 
normal value. Cell division was delayed for an unusually long period following 
irradiation at this stage of development. On the other hand, there was no corre- 
sponding increase during liver regeneration in the effects of high doses of X 
radiation on diphosphopyridine nucleotide concentrations in the liver. Although 
the liver catalase concentration decreased during liver regeneration, inhibition of 
catalase activity failed to increase the radiosensitivity of liver cells. 


Introduction 


Irradiation of normal rat liver has been found to delay the subsequent 
accumulation of deoxyribonucleic acid and increase in cell number which 
occurs in the liver of control animals following partial hepatectomy (1-3). 
The effect of irradiation of regenerating liver at different stages of growth was 
studied in the present investigation. As will be shown below, the proliferation 
of liver cells became more sensitive to delay by X irradiation shortly before 
rapid cell division would normally occur. 

One explanation for this increase in radiosensitivity might be provided by 
the observed decrease in catalase concentrations in growing liver cells (4). 
Interest in this possibility was stimulated by the report (5) that catalase does 
protect the glycolysis of dilute tumor cell suspensions against inhibition by 
high doses of X rays; it was suggested that X radiation acted selectively on 
tumor cells because these cells contain less catalase than normal cells (5). The 
inhibition of glycolysis following irradiation appears to be due to destruction 
of diphosphopyridine nucleotide (6, 7). In the present investigation, therefore, 
the effects of catalase inhibition have been studied on two aspects of the radio- 
sensitivity of normal liver cells, i.e. (a) on the delay in cell division following 
exposure to low doses of radiation, and (6) on the loss of diphosphopyridine 
nucleotide from the cells following exposure to high doses of radiation. 


Methods 


In order to study the effects of X radiation on liver regeneration, 10-week- 
old female rats, weighing approximately 180 g, were exposed to local irradia- 
tion over the liver region, either before or after 68+3% of the liver had been 
removed from these animals by a partial hepatectomy as described previously 
(3). During irradiation, the conscious animal was restrained in a rectangular 
plastic chamber with internal dimensions of 3.8X4.4xX20 cm; the major 
portion of the animal was protected by lead shielding and only the liver region 
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was exposed, through a hole 3.6 cm in diameter, to X rays from a 2000-kvp 
source operated at 1.5 ma (3). The dose rate, measured in air, was 300 
r/minute. Under the above conditions, the usual dose employed in these 
experiments (580 r) represented approximately 37% of the dose which would 
produce 50% mortality in non-hepatectomized animals within 30 days. All 
of the animals exposed to 580 r over the liver region appeared to remain in 
good health. 

After partial hepatectomy, each rat was kept in an individual cage in a 
ventilated room which was held at 24—27° C and lighted for 12 hours each day 
from 6 a.m. to 6 p.m. All animals were allowed food and water ad libitum 
and were ultimately killed for liver analyses at approximately the same time 
of day, i.e., between 9 a.m. and 12 a.m. Samples of regenerating liver from 
these animals were excised immediately after death and homogenized in an 
ice-cold solution containing 0.14 M NaCl plus 0.003 M CaCle. The liver 
homogenate was then analyzed for protein by the biuret reaction and for 
deoxyribonucleic acid by a diphenylamine reaction on hot trichloroacetic acid 
extracts; the number of cell nuclei in samples of the same homogenate was 
counted in a haemocytometer. Details of these procedures are described in a 
previous publication (3). 

The catalase activity of aqueous liver homogenates was measured by the 
method of Feinstein (8), in which sodium perborate serves as the source of 
hydrogen peroxide. A small correction for the catalase activity of blood 
present in the liver homogenates was made on the basis of the relative haemo- 
globin concentrations in blood and liver; this correction amounted to approx- 
imately 1% of the total catalase activity of normal liver and consequently 
did not alter the results appreciably. The catalase activity of the liver was 
inhibited by intraperitoneal injection of a 5% (w/v) solution of 3-amino- 
1,2,4-triazole (Agricultural Chemicals Division, American Cyanamide Co., 
New York) into the animals (9). 

In experiments on the diphosphopyridine nucleotide (DPN) content of 
various tissues, 7- to 10-week-old animals were exposed to whole body irradia- 
tion at a dose rate of 1600 r/minute and the tissues were excised for analysis 
between 5 and 30 minutes after irradiation. The tissue sample was ground 
with 5% (w/v) trichloroacetic acid within a few seconds after removal from an 
anaesthetized animal (10). After centrifuging of the tissue suspension and 
neutralizing of the supernatant fluid, the amount of DPN in this extract was 
measured by an enzymic method using ethanol and purified alcohol dehydro- 
genase (Nutritional Biochemicals Corp., Cleveland) with 0.03 M sodium 
pyrophosphate as buffer (10). 


Results 


Liver Regeneration after Irradiation at Different Intervals 

The results obtained when the regenerating liver was exposed to X radiation 
24 hours after partial hepatectomy are shown in Fig. 1. At this time, cell 
division has not commenced and, in our animals, DNA accumulation was still 
low; presumably a large proportion of the cells had not yet started to synthe- 











MYERS: LIVER CELLS 1491 





T T T T T T T T T 


LIVER WEIGHT DNA/ LIVER CELL NUCLEI/LIVER 
250+ + + 4 


% INITIAL VALUE 


8 




















DAYS AFTER PARTIAL HEPATECTOMY 


Fic. 1. Effect of exposure to 580 r on total liver weight, the total number of cell nuclei, 
and total amount of DNA in the regenerating liver. Each point represents the average 
results obtained from six or more rats: control animals (@); irradiated 1 day after partial 
hepatectomy (QO); irradiated just before partial hepatectomy (A). 


size DNA. Irradiation with 580 r delayed DNA accumulation and cell division 
for approximately 1 day (Fig. 1); the effects are similar to those observed when 
the normal liver was irradiated just before partial hepatectomy (3). 

Different results were observed when the regenerating liver was exposed to 
radiation 48 hours after partial hepatectomy (Fig. 2). At this time, the 
average amount of DNA per cell nucleus had reached a maximum at 1.6 times 
the normal level (Fig. 3). Assuming that the amount of DNA in a given cell 
nucleus reaches twice the normal level before cell division occurs (11), it 
would appear that a large proportion of the liver cells were nearing the point 
of cell division at the time of irradiation. Irradiation with 580 r prevented the 
normal increase in number of cell nuclei during the next 24 hours (Fig. 2); in 
fact, the total number of cell nuclei in the liver did not increase rapidly during 
the first 5 days after the irradiation. However, the irradiation had no imme- 
diate effect on DNA synthesis (Fig. 2). The average amount of DNA per cell 
nucleus continued to rise until it reached approximately double the normal 
level and then remained at this value until cell division recommenced (Fig. 3). 
These results resemble those obtained after irradiation of growing cells in 
tissue culture with 1000 r (12). 

Since cellular proliferation in the regenerating liver appeared to be excep- 
tionally sensitive to irradiation at this stage of growth, the effect of lower 
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DAYS AFTER PARTIAL HEPATECTOMY 


Fic. 2. Effect of irradiation of liver region 2 days after partial hepatectomy on the 
total number of cell nuclei and total amount of DNA in the regenerating liver. Each point 
represents the average results obtained with six rats: control animals (@); exposed to 50 r 
(OQ); exposed to 170 r (+); exposed to 580 r (A). 


doses of radiation was studied. Irradiation with 170 r still produced an ap- 
preciable delay in cell division (Fig. 2). A small effect was also observed after 
exposure to 50 r (Fig. 2) but the differences in the average numbers of cell 
nuclei in the livers of the control and irradiated animals were not statistically 
significant. 

Liver weights and total protein contents were also determined in all of the 
experiments illustrated in Figs. 1 and 2. As in previous experiments (3), 
irradiation had no immediate effect on the increases in liver weight and total 
protein during liver regeneration. 

The marked effect of irradiation shown in Fig. 2 cannot be ascribed to 
stimulation of adrenal secretions in the irradiated animals. A similar delay in 
cell division was observed following irradiation of the regenerating liver in 
adrenalectomized animals (Table !). 


Catalase Levels 

In confirmation of the results of Stein ef a/. (4), it was found that the concen- 
tration of catalase in regenerating liver 48 hours after partial hepatectomy had 
decreased to approximately half the normal value (Table II). When expressed 
on the basis of catalase activity per cell nucleus, a similar decrease is observed 
in the livers of starved animals (Table I1). 
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DAYS AFTER PARTIAL HEPATECTOMY 


Fic. 3. Changes in the average amounts of DNA/cell nucleus in the regenerating liver 
following irradiation on the second day after partial hepatectomy: control animals (@); 
exposed to 50 r (©); exposed to 170 r (+); exposed to 580 r (A). 
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TABLE II 


Catalase activity of rat liver under various conditions 








Catalase activity 
(meq perborate/5 min) 








Number of Per g Per 108 
Treatment of animals animals liver cell nuclei 

Controls 9 780 320 
24 hr after partial hepatectomy 4 527 268 
48 hr after partial hepatectomy 4 336 195 
24 hr fasting 2 640 179 
48 hr fasting 2 520 134 

1 hr after 1 g AT/kg 3 39 15 
17 hr after 1 g AT/kg 4 196 80 
17 hr after 2 g AT/kg + 150 61 





In order to determine the effect of low catalase levels on the radiosensitivity 
of the liver cells, liver catalase was inhibited by injection of 3-amino-1,2,4- 
triazole (AT) into the rats before irradiation (9, 13); 95% inhibition was 
observed 1 hour after the intraperitoneal injection of 1 g AT/kg (Table II). 
According to Thomson and Klippel (14), the catalase activities of each of the 
subcellular fractions of the liver cells should be inhibited to approximately 
the same extent. However, the liver would still contain appreciable amounts 
of free AT 1 hour after the injection (15) and the presence of this compound 
may provide slight protection against the effects of radiation (16). Since 
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DAYS AFTER PARTIAL HEPATECTOMY 


Fic. 4. Liver regeneration following irradiation and catalase inhibition. Each point 
represents the average values obtained from four rats: 
A 1 g AT/kg at minus 3 hours; A same, plus 580 r at minus 2 hours. @ 2 g 
AT/kg at minus 19 hours; O same, plus 580 r at minus 2 hours. 


most of the free AT is eliminated from the animal body within the first day 
after the injection (13), a second series of experiments was carried out 17 hours 
after the injection of 2 g AT/kg. Under these conditions, the liver catalase 
activity was still reduced to 20% of its normal value (Table II). 


Liver Regeneration after Irradiation and Catalase Inhibition 

The rate of liver regeneration was not significantly altered following injec- 
tion of AT (cf. Fig. 1 and Fig. 4). The effect of exposure to 580 r prior to 
partial hepatectomy (Fig. 1) was decreased slightly when the animals were 
injected with 1 g AT/kg 1 hour before irradiation (Fig. 4). Apparently the 
radiosensitivity of the liver cells had not been increased appreciably by 95% 
inhibition of the catalase activity. In the second series of experiments, injec- 
tion of 2 g AT/kg 17 hours before irradiation did not appear to alter the radio- 
sensitivity of the liver cells significantly (Fig. 4), even though the catalase 
activity of the liver was still 80% inhibited (Table II). 


DPN Concentrations after Irradiation and Catalase Inhibition 

After exposing intact animals to high doses of radiation, DPN concentra- 
tions in the liver, spleen, and thymus were reduced (Table III); the percentage 
loss of DPN was greatest in thymus, slightly less in spleen, and least in the 
liver. The catalase activity of these three tissues decreases in the reverse 
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order (17, 18), suggesting that a high catalase activity might protect the 
tissues against loss of DPN during irradiation. However, regenerating liver, 
examined 2 days after partial hepatectomy, did not exhibit greater loss of 
DPN than normal liver after irradiation, even though the regenerating liver 
contains less catalase than normal liver. Furthermore, the loss of DPN from 
the tissues was not augmented by injection of 1 g AT/kg into the animals 


(Table III) in order to inhibit liver and spleen catalase activities (13) before 
irradiation. 


TABLE III 


Effect of irradiation on DPN concentrations in rat tissues 
The average values for DPN concentrations are given, together with the standard 
deviation of the individual measurements, followed by the number of animals in 
parentheses. A single asterisk indicates that the effect of irradiation on DPN 
concentration is statistically significant (p <0.05), while a double asterisk 
indicates that the effect is highly significant (p <0.01). 

















Dose of DPN concentration (umole/100 g tissue) 
radiation 
Tissue (kr) Control rats AT-injected rats 
Liver 0 77+ 8 (13) 77 +6 (3) 
1.5 76+ 2 (5) — 
8 68+ 9 (5)* 65; 72 (2) 
24 ot <6)" 59 +7 (3)* 
Regenerating liver 0 71 +10 (6) — 
8 66+ 6 (3) — 
24 58+ 3 (3)* es 
Spleen 0 33+ 3 (10) 30 +1 (4) 
15 at 2(4)"* — 
8 18+ 2 (6)** 17; 20:@)** 
24 Zt 1%)" 106+14(3)"* 
Thymus 0 24+ 2 (4) 20; 23 (2) 
is 20+ 1(4)** — 
8 nwt 2)” $033. (2)** 
24 6+ 2(3)** 4;4 (2)** 
Blood 0 12+ 1 (4) 12+1 (4) 
8 it £03) 12 +1 (4) 
24 13+ 15) 12; 32 (2) 
Discussion 


The results of our experiments on DNA content of regenerating liver agree 
with previous observations concerning the effects of irradiation on the incor- 
poration of labelled precursors into the DNA of regenerating liver (1, 2, 19), 
provided that differences in the rate of DNA synthesis in the livers of non- 
irradiated animals are taken into consideration. A low dose of X radiation 
(580 r) delayed the onset of rapid DNA synthesis in cells which had not yet 
entered this phase of development (Fig. 1). On the other hand, the same dose 
of radiation did not seem to interfere immediately with active DNA synthesis 
which was in progress at the time of irradiation, although cell division was still 
delayed under these conditions (Fig. 2). Consequently the average amount of 
DNA per cell nucleus following irradiation may be either lower (3) or higher 
(Fig. 3) than the corresponding values in non-irradiated regenerating liver, 
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depending on whether irradiation occurs prior to or during the phase of rapid 
DNA synthesis. It might be noted that the average amount of DNA per cell 
nucleus did not rise above twice the normal level in any of these experiments 
(cf. Fig. 3). The average wet weight of liver per cell nucleus also reached a 
maximum at less than twice the normal value for non-hepatectomized animals; 
on this basis, it would appear that the irradiated regenerating liver did not 
contain a large proportion of giant cells. 

Exposure to 170 r on the second day after partial hepatectomy (Fig. 2), 
when the average amount of DNA per cell nucleus was high, delayed division 
for approximately the same length of time as exposure to 580 r 1 day earlier 
(Fig. 1), before most of the cells enter the phase of DNA synthesis. An explana- 
tion for this increase in radiosensitivity of cell division 2 days after partial 
hepatectomy is not yet available. The results of our experiments (Fig. 4) 
with a catalase inhibitor (AT) indicated that the increase cannot be ascribed 
simply to low catalase levels. At least two other enzymes that could act on 
hydrogen peroxide produced during irradiation might also be excluded from 
consideration. Peroxidase is present only in small amounts, if at all, in liver 
(21) while tryptophane pyrollase appears to be inhibited by AT in much the 
same manner as catalase (22). 

The results of further experiments with AT indicated that the loss of DPN 
from various rat tissues following high doses of radiation (Table III) was not 
dependent on the catalase content of these tissues. This conclusion seems to 
disagree with the results obtained following irradiation of dilute cell suspen- 
sions in vitro (5); however, most of the effects observed in the latter experi- 
ments were probably due to hydrogen peroxide formed in the suspending 
medium (5, 7) rather than to products of irradiation formed within the cells. 
Further experiments are required to provide an explanation for the effects of 
irradiation on DPN in the tissues. 
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A HYPOCHOLESTEROLEMIC FACTOR IN MARINE STEROLS 
E. Rerner,' D. R. IDLER,' AND J. D. Woop? 


During recent years, several previously undescribed sterols have been 
isolated from marine invertebrates in this laboratory. 24-Methylenecholes- 
terol was identified as the principal sterol of the butter clam (Saxidomus 
giganteus) (1) and a major component of several other edible molluscs (2). 
Other sterols of the clam have not been identified but evidence has been 
presented indicating that cholesterol is not a significant component (1, 2). 

We wish to report that a sterol mixture of the butter clam exerts a hypo- 
cholesterolemic effect in chicks. 

Previously, such effects have been observed following controlled feeding of 
cholestanol (3), 8-sitosterol, ergosterol, or stigmasterol (4), and from a sub- 
stance found in lingcod liver oil (5, 6). 

The mixture of clam sterols was isolated according to published procedures 
(1, 2). The sterols were purified with charcoal and one recrystallization from 
ethanol. 

Groups of sixteen 8-day-old chicks were maintained on either a standard 
diet (5), a standard diet supplemented with 1% cholesterol, or a standard diet 
supplemented with 1% cholesterol and 1% clam sterol mixture. 

On the 14th day of test feeding, blood samples (1.25 ml) were taken from the 
brachial vein and pooled in lots of four prior to collection of serum. Serum 
cholesterol levels were measured according to the method of Sperry and 
Webb (7). The results are summarized in Table I. 


TABLE I 


Effect of diet on serum cholesterol levels 








Basic + 1% 
Basic + 1% cholesterol + 
Basic diet cholesterol 1% clam sterol 





Serum cholesterol* (mg%) 





135 585 262 
192 707 354 
109 581 301 
191 638 507 
Mean + S.E. 157+21 628 + 30 356 +54 
Food consumption ft i.7 17.0 17.1 
Weight gaint 95.4 89.1 88.1 





* Analysis of variance: groups 2 and 3, P=0.01-0.001; groups 1 and 2, P= <0.001; 
groups 1 and 3, P= <0.001. 
+Grams/chick/day. 
tGrams/chick. 
Feeding experiments, using synthetic 24-methylenecholesterol (8) will be 
the subject of a future communication. 
'Chemistry Section, Technological Station. 
2Microbiology Section, Technological Station, 
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A NOTE ON THE PAPER CHROMATOGRAPHY OF SOME 
INDOLE ACIDS AND THEIR DERIVATIVES 


R. A. HeEacocK AND M. E. MAHON 


A very widespread interest has developed in the paper chromatography of 
indole derivatives during the last decade, stimulated by the efforts of several 
groups of workers: firstly, groups interested in the analysis of the urinary 
indoles found in many pathological conditions; secondly, groups studying the 
occurrence and metabolism of many indolic plant growth substances; and 
thirdly, workers interested in the chemistry of several physiologically important 
alkaloids containing the indole nucleus (for lists of references see ref. 1, p. 114, 
1 and 2, p. 313). 

In these laboratories we have been primarily concerned with a study of the 
paper chromatographic behavior of the 5,6-dihydroxyindoles (3), and in view of 
the success obtained using one of the Zaffaroni type systems (i.e. formamide- 
treated paper with a non-polar running solvent) (cf. 4) with this group of 
compounds it was decided to investigate the behavior of several other indole 
derivatives in this type of system. Systems using formamide-treated papers 
have been widely used for some years in chromatographic studies on the ergot 
alkaloids (2, p. 359; 5; 6). During the course of our investigations the authors be- 
came aware of a publication of Prochazka, Sanda, and Macek (7) on the paper 
chromatography of indole derivatives, which reported the R,’s of several indoles 
on formamide-treated paper with formamide-saturated cyclohexane, benzene, 
and chloroform as running solvents. No Ry; values of any indole acids (or acid 
derivatives) were reported when either cyclohexane or benzene was the mobile 
phase and only a few were given when chloroform was the mobile phase; in this 
case the R; values tended to be rather low (e.g. those of 3-indolecarboxylic 
acid, 3-indoleacetic acid, 3-indole-y-butyric acid, and 3-indolealdehyde were 
reported as 0.00, 0.03, 0.19, and 0.33 respectively). However, satisfactory R; 
values can be obtained on formamide-treated paper for a number of indole 
acids and aldehydes using either a formamide-saturated benzene — ethyl 
acetate (3:1) mixture or dichloromethane (almost saturated with formamide) 
as the running solvents. The results obtained with 12 indole compounds 
are given in Table I. One advantage offered by this type of procedure over the 
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TABLE I 


Ry values of some indole derivatives obtained using circular chromatography 
on formamide-treated paper* 


| 


|| 








Average Rysf value 
in solvent 








Compound S: S: Source of compound 

A 2-Indolecarboxylic acid 39 28 Prepared by the method of 
Kermack et al. (9) 

B= _3-Indolecarboxylic acid 37 22 Prepared by the method of 
Doyle et al. (8) 

C  3-Indoleacetic acid 37 36 Eastman Kodak Company 

D  3-Indole-8-propionic acid 56 54 Regis Chemical Company 

E = 3-Indole-y-butyric acid 70 69 Regis Chemical Company 

F  5-Hydroxy-3-indoleacetic acid 05 05 Regis Chemical Company 

G_3-Indoleacrylic acid 44 35 Sigma Chemical Company 

H_ = 3-Indolelactic acid 04 04 Sigma Chemical Company 

I 3-Indoleglyoxylic acid 04 04 t 

J 3-Indolecarboxaldehyde 62 72 Regis Chemical Company 

K_  3-Indoleacetaldehyde 88 94 

L = 3-Indoleacetonitrile 91 95 Regis Chemical Company 





* The chromatography was carried out at room temperature. 


t (Rs values X 100). 
t = Samples supplied through the courtesy of Dr. F. Wightman and Mr. M. Chisholm of the National Research 
Council (Prairie Regional Laboratory). 

Si = benzene/ethyl acetate (3:1), saturated with formamide. 

S. = dichloromethane containing 1.4% formamide by volume. 


more conventional systems (e.g. isopropanol/aqueous ammonia) is the speed 
with which the separations can be achieved. The current investigation was 
carried out using the circular method exclusively and only ca. 35 minutes was 
required to complete runs as opposed to the 8 to 12 hours required with many 
other systems. 

These investigations, which were supported by grants from the Saskatchewan 
Government, the Department of National Health and Welfare (Ottawa), and 
the Rockefeller Foundation, are continuing and further results will be reported 
in due course. 


Experimental 
Indoles 


The sources of the indole derivatives used in this investigation are given in 
Table I. 


Paper Chromatographic Procedure 

(1) Apparatus 

A modified Kawerau* Circular Chromatography apparatus (cf. 2, p. 40) was 
employed. The glass capillary solvent feed supplied with the apparatus was 
found to be unsatisfactory with the solvent systems used and was replaced by 
a wick of }-in. soft cotton yarn; the solvent was contained in a 6-cm petri dish. 

(ii) Paper Disks 

Paper disks (diameter = 26 cm) of Whatman 3MM paper were dipped into 
a 30% solution of formamide (Reagent grade; pH = 7) in acetone, blotted free 


*As supplied by the Shandon Scientific Co. 
+The pH of the formamide was adjusted to 7 by the careful addition of the appropriate 
amount of either ‘880’ ammonia or 98% formic acid. 
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of excess reagent, and allowed to dry in air for approximately 20 minutes prior 
to use. 

(1it) Solvents 

(a) S;.—A mixture of benzene (dried over sodium; 3 parts) and ethyl acetate 
(Reagent grade; 1 part) was saturated with formamide by shaking with a slight 
excess of formamide, allowing the mixture to stand, and using the clear super- 
natant layer. 

(6) S:—Dichloromethane (spectro grade) containing 1.4% formamide by 
volume. (This is slightly less than the amount required to saturate the solvent, 
but in view of the high volatility of dichloromethane it was found that with 
higher formamide concentrations :he mixture often became cloudy, due to the 
separation of free formamide, and gave unsatisfactory results. Gréger has also 
pointed out that when using the formamide—dichloromethane system the mobile 
phase must not be allowed to become cloudy (10).) 


(iv) Detection 

Substances A, B, C, D, E, F, G, H, and L give positive reactions (red to 
violet colors) with Ehrlich’s reagent. (Heating was necessary to obtain a color 
with compound A.) Substances I, J, and K gave orange or brown colors with 
2,4-dinitrophenylhydrazine. 
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THE RATE OF DESTRUCTION OF CIRCULATING ADRENALINE 
IN THE RABBIT EAR, BY A RECIRCULATION METHOD 


R. H. STINSON 


The blood vessels of the rabbit ear constrict strongly in the presence of 
adrenaline or noradrenaline. By perfusing an isolated rabbit ear at constant 
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flow and adding one of these pressor drugs to the perfusate we can measure 
the increase in the “driving pressure’, at the arterial cannula, which is re- 
quired to maintain a constant flow. This increase in pressure will be related 
to the concentration of the pressor drug. If the pressor drugs concerned are 
inactivated in the ear, then the effluent will have a lower concentration than 
the influent. If a recirculating system is set up so that the effluent is constantly 
pumped back into the ear, then the driving pressure will get less and less if 
some of the drug is destroyed each time it passes through the ear. Thus, the 
isolated rabbit ear could be used both to inactivate the catecholamines and to 
give a continuous assay of the quantity of drug present. 

The method of isolation of the circulation of the ear is fairly standard and 
has been described in an earlier paper (1). The constant flow perfusion 
(2.4 ml/min) was obtained with a Sigmamotor pump. A pressure transducer 
(Statham) was attached to the arterial cannula and the driving pressure 
recorded. The perfusion fluid was a phosphate-buffered Ringer’s solution 
(pH 7.4). Recirculation of perfusate for a few minutes before addition of the 
adrenaline permitted the perfusate to pick up enough blood to complex with 
the heavy metal ions unavoidably present in the perfusate and prevent in 
vitro oxidation of the adrenaline. Figure 1B illustrates the protection that 
can be obtained merely by recirculating the perfusate for a few minutes before 
adding the adrenaline. In both the recirculation (rc) and single passage (s.p.) 
portions of the recording the same concentration of adrenaline (3 10-* g/ml) 
was employed. The protecting influence of blood can be seen in the recircula- 
tion portion. There also appears to be a slight potentiation of effect since 
exponential extrapolation (broken lines) back to the time of addition of 
adrenaline predicts a somewhat lower response for the single passage (i.e. 
blood-free) portion of the recording. This, however, may be an artefact since 
we do not know that the destruction is exponential from the start. Quantita- 
tive experiments indicated that addition of blood 0.5% by volume to the 
perfusate would always prevent in vitro oxidation. 

Figure 1A shows the very slow destruction of adrenaline that occurs when 
it is protected by blood picked up in recirculation. At a, the adrenaline 
(310-° g/ml) was added to 10 ml of recirculating Ringer’s solution. The 
mean driving pressure increased 130 mm Hg, at 6. Eighty minutes later, at c, 
the pressure was still 45 mm Hg above the original baseline. Since the rela- 
tionship between concentration and increase in pressure is approximately 
linear in the range of concentrations concerned (2), this means that one third 
of the adrenaline was still present after 80 minutes. At c, the ear was washed 
out with fresh Ringer’s solution and the driving pressure quickly returned to 
the original baseline. Then, at d, the same concentration of adrenaline was 
administered under the same conditions as at a, and the response was the same, 
showing that the decrease during 80 minutes was a real measure of a slow 
destruction of adrenaline and not fatigue. Similar results were obtained with 
six other ears. 

The rate of disappearance in Fig. 1A is only 0.1 #g/kg/min. Lund (3) has 
measured the maximum rate of destruction of adrenaline in perfused rabbit 
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Fic. 1. (A) Pressure changes in response to recirculation of Ringer’s solution con- 
taining adrenaline (3 X1078 g/ml). 
(B) Contrast for the same concentration of adrenaline (3 X 10-8 g/ml) between 
recirculation (rc) and single passage (s.p.) of Ringer’s solution. 


liver as 10 mg/kg/min and in the perfused hind limb as 3 ug/kg/min in the 
presence of blood. It would seem then that the rate of destruction of humoral 
or exogenous adrenaline in such peripheral tissues as the rabbit ear is so slow 
as to be negligible compared with the rate in the liver, for example, and that 
the rapid disappearance of adrenaline effects in such tissues is not due to local 
destruction of the adrenaline, but rather due to the adrenaline being swept out 
by the blood stream and destroyed elsewhere. This would suggest, at least for 
the rabbit ear, that the well-known local control of acetylcholine by cholin- 
esterase at cholinergic nerve endings either does not have an analog at the 
adrenergic endings or, if an analogous system exists, it cannot destroy appre- 
ciable amounts of circulating catecholamines. 
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